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Section  I 
INTRODUCTION 


This  program  is  an  advanced  development  effort  to  provide  the  Air  Force 
with  two  digital  communication  system  building  block  modules. 

The  first  of  these  modules  to  be  described  in  this  report  is  a universal  16- 
stage  code  generator.  The  basic  generator  stage  is  a shift  register  and  modulo-2 
adder  coupled  together.  The  second  input  to  the  modulo-2  adder  can  be  pro- 
grammed to  connect  to  a fixed  voltage  or  to  the  output  code  sequence.  This  in- 
ternal programmability  feature  allows  many  different  code  lengths  and  sequences 
to  be  generated.  Additional  programmable  features  allow  for  storage  of  two  dif- 
ferent code  parameters  internally  to  the  chip  so  that  the  generator  can  be  in- 
stantly switched  from  one  code  sequence  to  the  other  by  one  dc  control  lead. 

Other  system  design  features,  as  well  as  performance  of  the  array, are 
discussed  in  the  following  sections  of  this  report. 

Following  the  technical  discussion  cn  the  code  generator,  the  second  building 
block  module  is  discussed,  namely,  an  arithmetic  synthesizer  that  provides  for 
the  generation  of  419,430  frequencies  over  a 25-kHz  bandwidth  centered  at  200 
kHz. 

Two  different  implementations  of  the  basic  arithmetic  synthesizer  have  been 
fabricated  and  tested,  and  the  results  are  provided  in  later  sections  of  this  re- 
port. The  CMOS/SOS  LSI  synthesizer  array  that  has  been  designed,  fabricated, 
and  tested  and  forms  the  heart  of  the  synthesizer  module,  is  also  described  in 
detail.  Testing  of  the  synthesizer  module  and  application  to  several  systems 
have  suggested  some  design  modifications  that  could  be  made  to  improve  over- 
all performance.  These  considerations  are  also  discussed. 

This  program  started  in  June  1974  and  ended  in  December  1975. 
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Section  II 


REPORT  SUMMARY 


A.  PROGRAM  OBJECTIVES 

The  objective  of  this  program  was  to  design,  fabricate,  and  test  two  build- 
ing block  modules  for  application  to  digital  modems.  The  design  objectives 
were  to  incorporate  sufficient  universal  design  features  to  provide  off-the-shelf 
hardware  that  would  result  in  cost-effective  implementation  of  data  communica- 
tion modems. 

The  two  modules  selected  for  implementation  by  this  program  were  a digital 
code  generator  operating  to  20  Mb/s  and  a digital  synthesizer  providing  a 25-kHz 
bandwidth  centered  at  200  kHz,  with  a frequency  resolution  of  4 Hz. 

Primary  consideration  has  been  given  to  the  application  of  LSI  design  tech- 
niques to  both  of  the  selected  building  blocks. 

B.  PROGRAM  RESULTS 

Both  the  code  generator  and  frequency  synthesizer  modules  have  been  suc- 
cessfully implemented  using  the  silicon-gate  CMOS/SOS  technology.  In  achieving 
the  program  objectives,  two  LSI  array  types  have  been  designed,  fabricated  and 
tested,  namely,  a 16-stage  universal  code  generator  and  an  8-stage  arithmetic 
synthesizer.  The  technical  objectives  of  the  program  have  been  met,  and  in 
many  cases  greatly  exceeded,  as  demonstrated  by  the  performance  of  the  units. 
For  instance,  a frequency  synthesizer  with  greater  resolution  and  much  faster 
hopping  rates  has  been  demonstrated.  A summary  of  these  design  parameters 
follows. 

C.  CODE  GENERATOR  ARRAY  (TCS045) 

An  LSI  CMOS/SOS  code  generator  array  that  completely  satisfies  the 
original  code  generator  module  requirements  has  been  designed  and  success- 
fully tested.  Although  this  design  is  based  on  the  Government  specifications, 
it  is  amended  with  features  derived  from  RCA  system  experience.  The  result- 
ing code  generator  array,  TCS045,  contains  a 16- stage  sequence  generator 
capable  of  being  operated  with  various  code  lengths  from  1 to  16  stages.  The 
code  generator  operates  at  20  Mb/s  output  rates  at  10  V with  approximately 
105  mW  of  power  dissipation.  At  5 V the  generator  operates  at  10  Mb/s  with 
10  mW  of  dissipation. 
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Additional  features  incorporated  into  the  array  allow  two  different  codes  to 
be  generated  on  the  basis  of  data  stored  in  memory  located  on  the  array.  The 
code  generator  can  be  reset  to  a given  state  defined  by  a 16-bit  word  serially 
stored  in  another  on-chip  memory  offering  a capability  to  update  code  sequences 
for  time-of-day  information,  for  example.  A high- speed  register  allows  the 
readout  at  a rate  up  to  50  Mb/s  of  the  state  of  the  generator  at  a particular  time. 

The  parallel-to-serial  conversion  is  accomplished  on-chip. 

The  code  generator  is  packaged  in  a 28-lead  dual  in-line  ceramic  package. 

Thirty  arrays  were  delivered  to  AFAL. 

D.  DIGITAL  SYNTHESIZER  MODULE 

The  synthesizer  system  design  requirements  have  been  met  by  the  design 
of  an  arithmetic  synthesizer  coupled  to  a phase-locked  loop  and  output  bandpass 
filter.  The  module  is  contained  on  a 4.  5 inch  x 8.  5 inch  printed  circuit  card  (see 
Frontispiece)  and  provides  for  the  generation  of  419,430  frequencies  over  the  25-kHz 
band  of  interest.  The  frequency  resolution  of  the  delivered  synthesizer  is  0. 0596  Hz, 
compared  to  the  Government's  original  requirement  for  resolution  of  4 Hz. 

The  spurious  output  frequencies  are  on  the  average  better  than  70  dB  below 
the  center  frequency,  with  the  noise  floor  of  the  output  more  than  90  dB  down. 

The  worst-case  spurious  signal  observed  was  better  than  55  dB  down  from  the 
center  frequency.  For  certain  synchronous  frequencies , where  the  product  of 
the  clock  sampling  frequency  and  the  input  word  size  is  an  integral  submultiple 
of  the  accumulator  size,  the  performance  of  the  synthesizer  is  greatly  improved 
by  the  virtual  elimination  of  all  spurious  signals. 

The  worst  case  settling  time  of  the  synthesizer  has  been  shown  to  be  75  us 
for  a 25-kHz  jump,  compared  to  the  design  goal  of  300  us. 

The  synthesizer  module  design  is  based  on  the  use  of  a CMOS/SOS  building 
block  arithmetic  synthesizer  array  (TCS047)  and  uses  three  of  these  arrays  to 
implement  the  complete  function. 

A system  utilization  survey  identified  a 32-stage  arithmetic  synthesizer  as 
representing  the  maximum  size  required  for  a broad  range  of  applications  and 
thus,  served  as  a baseline  design  consideration.  An  8-stage  partition  of  the 
arithmetic  synthesizers  resulted  from  the  design  effort,  and  three  of  these 
arrays  were  incorporated  into  the  synthesizer  module  to  provide  24  stages  re- 
sulting in  the  previously  mentioned  frequency  resolution. 

The  synthesizer  array  can  operate  at  clocking  rates  up  to  19  MHz  at  10  V 
with  greater  than  20  MHz  performance  at  12  V. 


Five  synthesizer  modules  containing  15  TCS047  arrays  were  delivered  to 
the  Air  Force,  In  addition,  15  synthesizer  arrays  were  delivered  separately. 

The  primary  design  emphasis  was  placed  on  the  development  of  a synthe- 
sizer module  operating  with  a sawtooth  waveform  from  the  synthesizer  arrays. 
Of  the  five  modules  delivered,  four  modules  were  of  this  configuration.  The 
fifth  module  was  modified  to  test  the  performance  characteristics  of  the  synthe- 
sizer operating  with  a triangular  waveform  from  the  synthesizer  and  without  the 
phase-locked  loop.  Although  the  spurious  signal  level  was  about  10  dB  worse 
than  the  original  configuration,  the  reduced  parts  count  and  relative  simplicity 
of  the  synthesizer  warrant  its  consideration  for  specific  applications  not  re- 
quring  the  higher  spectral  purity. 

E.  REPORT  CONTENTS 

Section  III.  A contains  a description  of  the  TCS045  code  generator,  theory 
of  operation,  design  implementation  and  test  results  obtained  on  30  arrays. 
Recommendations  for  further  design  enhancements  are  also  included  in  this 
section.  Engineering  specifications  that  serve  as  the  baseline  for  a production 
specification  have  been  derived;  the  specifications  are  based  on  an  analysis  of 
the  test  results  and  computer  simulations  for  the  code  generator. 

Section  III.  B describes  the  frequency  synthesizer  module.  An  overview  of 
the  operation  of  arithmetic  synthesizers  is  presented  in  HI.  B.  1.  Detailed 
design  information  for  the  development  of  the  associated  CMOS/SOS  synthesizer 
arrays  (TCS047)  is  given  in  Section  m.  C.2,  along  with  theory  of  operation, 
logical  implementation  of  the  array  and  test  results  of  30  arrays.  Engineering 
specifications  are  given  for  the  TCS047  array,  as  well  as  several  recommenda- 
tions for  design  improvements. 

Section  III.  D describes  the  incorporation  of  three  synthesizer  arrays  with  a 
phase-locked  locked  loop  and  output  filter  to  provide  for  the  specified  200  kHz 
center-frequency  synthesizer.  A description  of  the  operation  of  the  phase- 
locked  loop  in  conjuction  with  the  sawtooth  output  of  the  synthesizer  array  is 
provided,  along  with  a description  and  performance  characteristics  of  the  out- 
put filter.  Although  the  primary  design  emphasis  was  centered  on  the  sawtooth 
operation  type  of  synthesizer,  testing  of  a triangular  waveform  synthesizer 
without  a phase-locked  loop  was  also  accomplished  on  this  program  and  is  re- 
ported in  Section  in.  D.  2.  c.  To  gain  perspective  on  the  performance  charac- 
teristics of  arithmetic  synthesizers,  many  spectrum  plots  have  been  included, 
covering  a wide  range  of  frequency  select  words,  clocking  frequencies  and 
output  frequencies.  Curves  have  been  included  for  both  the  sawtooth  synthesizers 
as  weU  as  the  triangular  waveform  synthesizer.  Several  design  modifications 
suggested  for  the  module  circuitry  are  also  presented  in  Section  III.  D.  2.f.  A 
reliability  prediction  made  for  the  synthesizer  module  is  given  in  Section  III.  E. 
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Appendix  A contains  the  design  details  of  the  phase-locked  loop  bandpass 
and  lowpass  filters.  Appendix  B contains  setup  and  alignment  procedures  for 
the  synthesizer  module,  and  Appendix  C provides  a simple  hand-held  calculator 
algorithm  for  determining  the  digital  value  of  the  input  frequency  select  word 
for  given  sampling  clock  and  output  frequencies. 

F.  CONCLUSIONS 

The  CMOS/SOS  technology  has  been  shown  to  be  an  effective  LSI  technology 
for  implementation  of  communication  building  blocks.  The  complete  requirements 
for  the  code  generator  module  have  been  met  by  a single  LSI  array  that  operates 
at  the  required  frequency  of  20  Mb/s  while  dissipating  only  1C5  mW.  A signifi- 
cant reduction  in  power  dissipation  to  10  mW  is  possible  for  operation  at  10 
Mb/s. 

The  code  generator  design  has  proven  to  be  sufficiently  flexible  in  system 
utilization  capability  that  it  has  been  incorporated  in  demonstration  equipment 
and  proposed  for  use  in  several  Government  systems.  As  a result  of  system 
application,  several  design  improvements  have  been  proposed  as  described 
elsewhere  in  this  report. 

The  CMOS/SOS  arithmetic  synthesizer  LSI  array  has  also  proved  to  be  an 
effective  synthesizer  building  block.  The  8-bit  slice  partitioning  of  the  overall 
logic  for  an  arithmetic  synthesizer  allows  various  size  and  performance  synthe- 
sizers to  be  fabricated  to  suit  a particular  requirement.  Sufficient  flexibility 
has  been  provided  to  meet  most  complex  requirements  for  near  future  equipments. 
For  example,  by  using  a 1-MHz  sampling  clock  and  a 32-stage  arithmetic  synthe- 
sizer, a frequency  resolution  of  0.  000233  Hz  can  be  achieved. 

Standard  production  design  rules  and  processes  have  been  used  in  the  fabrica- 
tion of  the  ?ode  generator  and  synthesizer  arrays.  These  processes  were  developed 
as  part  of  the  Air  Force  Materials  Laboratory  contract  F33615-73-C-5043  with 
RCA  Solid  State  Technology  Center. 

A significant  understanding  of  the  general  performance  factors  associated 
with  arithmetic  synthesizers  was  obtained  during  this  program.  A basic  knowl- 
edge of  these  factors  is  essential  before  the  synthesizers  can  be  applied  to  a 
system.  Generally  speaking,  the  arithmetic  synthesizer  is  an  efficient  and  cost- 
effective  method  of  frequency  generation.  However,  where  a high  degree  of 
spectrum  purity  is  important,  additional  circuits  may  be  required  to  satisfactorily 
implement  the  system. 

A triangular  waveform  arithmetic  synthesizer  will  generally  provide  a spurious 
signal  level  30  to  40  dB  below  the  center  frequency,  a sawtooth  synthesizer  alone 
will  be  about  10  dB  worse.  The  use  of  a phase-locked  loop  as  developed  for  this 
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program  will  add  about  40  to  50  dB  of  additional  attenuation  for  the  spurs.  For 
frequency  bandwidth  greater  than  an  octave , a sine  lookup  ROM  should  be  con- 
sidered to  convert  either  the  sawtooth  or  triangular  waveforms  to  a sine  wave. 
Such  a conversion  would  eliminate  the  lower-order  harmonics  that  could  fall  in 
the  passband  of  the  output  filter  for  a broadband  system. 


The  test  and  evaluation  of  the  synthesizer  array  and  associated  module  cir- 
cuitry resulted  in  several  proposals  for  design  enhancements.  These  are  de- 


Section  m 


TECHNICAL  DISCUSSION 


A.  CODE  GENERATOR 
1.  General  Operation 


The  code  generator,  TCS045,  is  a universal  pseudorandom  sequence 
generator  with  programmable  feedback  taps  contained  on  a single  custom- 
designed  CMOS/SOS  LSI  array.  The  array  configuration  was  chosen  for 
maximum  versatility  in  using  the  code  generator  for  diverse  applications. 

The  primary  functional  units  of  the  code  generator  are  shown  in 
Figure  1.  The  pseudorandom  sequence  is  produced  in  a 16-stage  PRN 
generator  by  feeding  the  output  back  to  exclusive-OR  gates  located  between 
successive  code-generator  register  stages.  The  particular  sequence  being 
generated  is  determined  by  the  selection  of  stages  to  receive  the  feedback. 

The  stages  receiving  the  feedback  are  specified  by  one  of  two  integral  1 6-bit 
memories,  the  acquire  mode  memory  and  the  track  mode  memory.  Thus,  the 
feedback  tap  information  for  two  different  codes  are  stored  in  the  array,  one 
which  may  be  used  to  acquire  a signal  and  the  other  for  tracking  the  signal  in 
a particular  application.  The  code  generator  is  easily  switched  back  and  forth 
between  the  two  modes. 

Three  additional  16-bit  serial  registers  are  provided  to  increase  the 
versatility  of  the  code  generator  array.  The  first  of  these,  the  control  mode 
input  register  of  Figure  1 , is  used  to  enter  the  feedback  tap  specification  words 
into  the  two  memory  registers.  Hence,  any  feedback  tap  combination  can  be 
programmed  into  the  array. 

The  vector  control  register  is  used  to  initialize  the  16-stage  PRN 
generator  to  a specified  starting  point.  The  contents  of  the  vector  control 
register  are  loaded  into  the  code  generator  register  on  the  approprii  com- 
mand. Thus,  the  starting  point  of  the  pseudorandom  sequence  can  b~  jpecified. 

The  final  register,  the  serial  output  register,  provides  a means  of 
reading  out  the  current  state  of  the  code  generator  register.  On  the  appropriate 
command,  the  contents  of  the  PRN  generator  are  loaded  in  parallel  into  the 
serial  output  register  and  clocked  out  in  serial  fashion.  Each  of  these  three 
registers  has  its  own  independent  clock,  permitting  it  to  be  devoted  to  other 
applications  when  not  performing  the  above  described  functions. 


Figure  1.  Primary  functional  units  of  the  code  generator. 

The  code  generator  array  is  designed  to  be  fully  expandable  with 
longer  code  sequences  being  formed  by  connecting  several  arrays  together. 
Each  array  thereby  forms  a 16-bit  slice  through  the  expanded  code  generator. 

2.  Array  Description 

a.  Code  Generator  Register 


The  primary  operational  element  of  the  TCS045  code  generator 
array  is  the  code  generator  (CG)  register  in  which  the  pseudorandom  code  is 
formed.  The  CG  register  consists  of  16  register  stages,  each  with  an  exclusive 
OR  on  its  input  as  shown  in  Figure  2.  One  input  to  each  exclusive  OR  is  the 
output  of  the  previous  register  stage.  The  CG  Data  input  to  the  array  provides 
this  input  to  the  exclusive  OR  of  stage  one.  The  second  input  to  each  exclusive 
OR  comes  from  the  feedback  selection  circuitry  which  selectively  gates  the 
feedback,  FB,  input  to  those  stages  specified  by  the  stored  feedback  tap  pattern. 
The  exclusive  OR  output  is  the  input  to  the  master/slave  register  of  each  stage. 
The  state  of  the  register  in  stage  16,  the  generated  pseudorandom  code,  is  made 
available  on  the  CG  Data  output  after  passing  through  an  output  driver. 
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a.  Functional  block  diagram 


b.  Code  generator  photomicrograph. 

Figure  2.  16-stage  code  generator  (TCS045). 
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The  code  generator  clock  (CGC)  input  to  the  array  provides  the 
clocking  for  the  CG  register.  Transitions  in  the  register  outputs  occur  on  the 
positive  going-transition  of  the  clock  pulse.  Since  the  registers  being  used 
are  quasi-static,  the  CGC  clock  is  kept  high  whenever  the  CG  register  is  not 
being  clocked. 

The  CG  register  can  be  initialized  by  parallel  loading  the  contents 
of  the  initialization  vector,  V,  register  into  the  CG  register.  This  is  accom- 
plished whenever  the  VL  input  to  the  array  is  in  the  high  state.  The  CGC  input 
must  be  high  or  go  high  during  the  time  VL  is  high  for  the  loading  to  be  com- 
pleted. If  CGC  is  low  during  the  entire  time  VL  is  high,  no  loading  occurs. 

Once  loaded,  the  CG  register  will  not  respond  to  CGC  until  after  VL  goes  low 
again.  This  parallel  load  feature  provides  a convenient  means  to  initialize  the 
CG  register  to  any  desired  state  at  any  time  during  operation. 

b.  Initialization  Vector  Register 

The  initialization  vector,  V,  register  is  a 16-stage  serial  shift 
register.  Data  is  entered  into  stage  one  through  the  V Data  input.  The  state  of 
stage  16  is  made  available  on  the  V Data  output  after  passing  through  an  output 
driver.  The  clock  signal  for  the  V register  is  provided  by  the  VC  clock  input. 
Output  changes  in  the  register  stages  occur  when  VC  makes  a transition  from 
the  low  to  the  high  state.  The  register  stages  used  are  quasi -static , being  static 
only  when  VC  is  high. 

The  initialization  vector  register  is  used  to  initialize  the  CG 
register.  The  output  of  each  stage  of  the  V register  is  loaded  into  the  cor- 
responding stage  of  the  CG  register  whenever  VL  is  high.  When  it  is  not  being 
used  for  initialization  purposes,  the  V register  is  a 16-stage  serial  register 
that  can  be  made  available  for  other  applications. 

c.  Serial  Data  Register 


A 16-stage  auxiliary  output  register  called  the  serial  data,  SD, 
register  is  provided  to  enable  readout  of  the  current  state  of  the  CG  register. 
Data  is  transferred  in  parallel  fashion  into  the  SD  register  from  the  CG  register 
whenever  the  SDL  input  is  high.  For  expansion  purposes  and  to  increase  the 
versatility  of  the  array,  data  can  also  be  entered  into  the  SD  register  in  serial 
fashion  through  the  SD  Data  input.  The  state  of  stage  16  is  made  available  on 
the  SD  Data  output  after  passing  through  an  output  driver.  Thus,  the  SD 
register  is  a 16-stage  serial  register  which  can  be  loaded  in  parallel  fashion 
from  the  CG  register. 
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to  be  stored  at  the  same  time.  Thus,  the  code  generator  array  can  be  used 
in  applications  requiring  a short  code  for  acquisitic-  nd  a long  code  for  track- 
ing without  having  to  enter  new  data  into  the  storage  registers  when  switching 
modes.  The  contents  of  one  of  the  storage  registers  can  be  changed  while  the 
other  is  being  used. 

The  entry  of  data  into  the  A and  T storage  registers  is  from  the 
AT  input  register  using  the  LA  and  LT  commands.  The  storage  register  used 
to  define  the  feedback  tap  positions  is  specified  by  the  AT  input  to  the  array. 
When  AT  is  high,  the  A register  is  chosen,  while  the  T register  is  chosen 
when  AT  is  low.  The  input  to  the  exclusive  OR  gate  of  each  stage  of  the  CG 
register  is  formed  by  ANDing  the  feedback  input  FB  with  the  contents  of  the 
memory  cell  of  the  register  selected  by  the  AT  input. 

The  A and  T registers  have  a voltage  input  line  (AT  VDD)  which 
is  separate  from  the  rest  of  the  array.  This  provides  the  user  with  the  option 
of  using  the  A and  T registers  as  a nonvolatile  storage.  The  only  current  which 
must  be  supplied  by  AT  Vdd  *s  the  leakage  current  for  the  two  registers  plus 
a small  dynamic  current  while  changing  code  selection  or  storing  a new  code. 

f.  All  l's  Detection  Circuit 


The  presence  of  the  all  l’s  state  or  unity  vector  in  the  code 
generator  register  is  detected  by  the  all  l's  detection  circuit.  This  circuit 
performs  the  AND  operation  on  the  outputs  of  the  16  stages  in  the  CG  register 
producing  a 1 if  and  only  if  all  register  stages  are  in  the  \ state.  The  all  l's 
signal  is  made  available  on  the  all  l's  output  after  passing  through  two  register 
stages.  These  register  stages,  which  are  clocked  by  the  same  clock  as  the  CG 
register,  delay  the  output  of  the  all  l's  signal  by  two  clock  periods.  The  all 
l's  signal  serves  as  a convenient  synchronizing  point  in  observing  a pseudo- 
random sequence  produced  by  the  code  generator. 


g.  All  l’s  Expansion  Circuit 


The  all  l's  detection  circuit  detects  the  presence  of  the  unity 
vector  for  a single  chip.  An  all  l's  expansion  circuit  is  included  on  the  array 
for  use  in  detecting  the  all  l's  state  when  several  arrays  are  used  together  to 
form  a longer  code  generator.  Three  inputs  are  provided  to  the  all  l's  expan- 
sion circuit.  These  three  inputs  are  ANDed  together  to  produce  the  all  l's 
expansion  signal.  This  signal  is  retimed  by  a register  clocked  by  CGC  before 
it  is  made  available  on  the  All  l's  Exp  output.  Thus,  the  expansion  circuit  on 
each  array  is  capable  of  handling  all  l's  signals  from  three  arrays.  If  more 
than  three  arrays  are  used  in  the  expanded  code  generator,  several  of  the 
expansion  circuits  must  be  used.  It  should  be  remembered  that  each  time  the 
signal  passes  through  the  all  l's  expansion  circuit,  a delay  of  one  clock  period 
is  introduced.  If  only  two  of  the  inputs  are  being  used,  the  third  input  must  be 
connected  to  Vdd. 
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h.  Power  Supply  Requirements 


The  power  inputs  to  the  code  generator  array  include  two  ground 
inputs  and  two  separate  positive  voltage  inputs.  Both  array  ground  inputs  must 
always  be  connected  to  ground.  The  Vqq  input  supplies  power  to  all  the  array 
except  for  the  two  memory  registers  with  their  associated  LA,  LT  and  AT 
control  lines.  These  are  supplied  power  by  the  AT  Vdq.  The  use  of  a separate 
power  input  for  the  memory  registers  permits  retention  of  the  memory  contents 
when  the  main  power  supply  is  off.  The  AT  VDq  essentially  only  supplies  the 
leakage  current  of  the  memory  elements.  The  array  is  designed  to  operate 
over  the  full  voltage  range  from  5 V to  15  V.  Most  arrays  will  operate  down 
to  lower  than  3 V.  The  array  will  operate  with  up  to  several  volts  difference 
in  the  two  power  supplies.  If  the  two  separate  powc.i.  supply  feature  is  not 
needed,  Vdd  ^ AT  VDq  should  be  connected  together. 

i.  Package  Pin  Designations 

The  code  generator  is  packaged  in  a 28-lead  DIP  package  of  which 
27  leads  are  used.  The  package  pins  along  with  their  designation  are  as 
follows: 


1. 

Ground 

15.  SDL 

2. 

(Unused) 

16.  SDC 

3. 

ATC 

17.  SD  Data  In 

4. 

AT  Data  Out 

18.  Ground 

5. 

VDD 

19.  VL 

6. 

V Data  Out 

20.  FB 

7. 

CG  Data  Out 

21.  CG  Data  In 

8. 

SD  Data  Out 

22.  V Data  In 

9. 

CGC 

23.  VC 

10. 

Unity  Vector  Out 

24.  AT 

11. 

Unity  Vector  Expansion  Out 

25.  AT  Data  In 

12. 

Unity  Vector  Expansion  In 

26.  AT  VDD 

13. 

Unity  Vector  Expansion  In 

27.  LA 

14. 

Unity  Vector  Expansion  In 

28.  LT 
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Array  Operation 


a.  Clock  Requirements 


Four  separate  clock  inputs  are  required  by  the  code  generator 
array.  Each  of  these  clock  inputs  provides  clocking  for  only  one  of  the  four 
clocked  registers  in  the  array.  The  input  clock  signals  are  defined  as  follows: 

1)  CGC  - code  generator  register  clock 

2)  VC  - initialization  vector  register  clock 

3)  ATC  - acquire/track  input  register  clock 

4)  SDC  - serial  data  output  register  clock. 

The  independent  clocking  of  the  four  registers  makes  it  possible 
to  clock  the  different  registers  at  different  frequencies  if  required  by  various 
systems.  The  clocking  of  any  one  register  has  no  effect  on  the  other  three 
registers. 

All  four  clocked  registers  are  of  the  quasi-static  type.  They 
maintain  their  state  as  long  as  the  input  clock  remains  high.  Thus,  whenever 
a register  is  not  to  be  clocked,  its  clock  input  must  be  kept  high.  The  quasi- 
static nature  of  the  register  stages  also  puts  a minimum  frequency  limit  on 
operation  if  a square-wave  clock  is  used.  Experimental  results  for  the  TCS045 
indicate  that  this  lower  limit  is  less  than  10  kHz.  However,  the  registers  may 
be  operated  all  the  way  down  to  dc  by  using  a clock  signal  which  is  low  for  less 
than  50  percent  of  the  clock  cycle. 

All  output  transitions  occur  on  the  positive  transition  of  the  clock 
signal.  Data  clocked  into  the  array  is  the  data  present  on  the  input  when  the 
clock  makes  its  positive-going  transition. 

The  capacitive  load  seen  by  the  source  driving  the  clock  input  is 
minimized  by  using  internal  clock  drivers.  This  load  is  approximately  3 pF  on 
each  of  the  clock  inputs.  The  clock  drivers  in  the  array  also  reshape  the  clock 
signals  and  reduce  any  slow  rise  and  fall  times. 

b.  Initialization  Techniques 


Whenever  the  TCS045  code  generator  array  is  to  be  used  to  generate 
a pseudorandom  code,  the  feedback  tap  information  must  be  initially  entered  into 
the  A and  T registers.  Feedback  to  a particular  stage  in  the  code  generator 
register  is  enabled  by  a "1"  stored  in  the  corresponding  cell  of  the  selected  A 
or  T register.  The  A and  T registers  are  loaded  from  the  AT  input  register  by 
the  LA  and  LT  inputs  to  the  array.  For  example , each  cell  in  the  A register 
goes  to  the  same  state  as  the  corresponding  stage  of  the  AT  register  whenever 
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LA  is  high.  The  feedback  tap  information  must  be  initially  entered  into  the 
AT  register  before  being  loaded  into  either  the  A or  T registers.  The  entry 
of  data  into  the  AT  register  is  serial  with  the  first  bit  entered  being  the  feed- 
back tap  information  for  the  output  stage  of  the  code  generator  register.  The 
loadings  of  the  A and  T registers  are  independent  of  each  other  except  that  both 
depend  on  the  AT  register  for  a source  of  data. 

Using  the  initialization  vector,  V,  register,  the  code  generator 
register  can  be  initialized  to  a predetermined  starting  point.  The  initial  state 
is  entered  into  the  V register  in  serial  fashion,  beginning  with  the  desired 
state  of  the  output  stage  of  the  CG  register.  Loading  from  the  V to  CG  register 
is  parallel  and  is  accomplished  when  the  VL  strobe  is  high. 

The  serial  data  SD  register  is  initialized  to  the  state  of  the  CG 
register  whenever  SDL  is  high.  This  provides  a means  of  reading  out  the  cur- 
rent state  of  the  CG  register  without  disturbing  its  contents. 


c.  Code  Generation 

If  the  array  is  being  used  to  generate  a pseudorandom  code , the 
CG  Data  output  is  connected  to  the  FB  input  to  provide  the  feedback  signal. 

Once  the  initialization  described  above  is  accomplished,  the  only  input  required 
is  the  code  generator  clock,  CGC.  The  code  produced  is  available  at  the  CG 
Data  output.  The  CG  Data  input  is  normally  maintained  low  while  producing  a 
PN  code;  however,  different  codes  may  be  generated  by  maintaining  the  CG 
data  input  high  or  by  applying  a modulating  signal  to  this  input. 

By  appropriate  programming  of  the  feedback  tap  information,  the 
effective  length  of  the  code  generator  register  is  selected  to  be  any  value  from 
1 to  16  stages.  The  effective  length  is  determined  by  the  feedback  tap  nearest 
the  input  end  of  the  register.  Register  stages  prior  to  the  first  stage  with 
feedback  do  not  enter  into  the  PN  code  generation.  For  example,  if  a 10-stage 
code  generator  is  desired,  stages  1 through  6 of  the  A or  T register  selected 
will  contain  only  "0's".  A "1"  would  be  stored  in  stage  7,  with  succeeding 
stages  containing  either  "l's"  or  "0's", 

d.  Variable  Length  Shift  Register 

The  code  generator  array  can  also  be  used  as  a serial  shift 
register  of  any  length  up  to  a maximum  of  64  stages.  The  acquire /track  AT, 
initialization  vector  V and  serial  data  output  SD  registers  are  each  16  stages 
■\  long.  By  connecting  the  output  of  one  of  these  registers  to  the  input  of  another, 

the  effective  length  1b  doubled  to  32  stages.  If  all  three  of  the  registers  are 
connected  together,  a register  of  length  48  is  created,  uith  outputs  available 
after  each  16  stages. 

I 
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The  code  generator,  CG,  register  can  be  programmed  to  look 
like  a serial  register  with  any  length  from  1 to  16  stages.  A single  "1"  is 
programmed  into  the  selected  A or  T register.  If  this  "1"  :s  at  stage  1,  the 
effective  length  is  16  stages.  The  effective  register  length  decreases  by  one 
for  each  higher  stage  of  the  A or  T register  in  which  the  "1”  is  stored.  If  the 
"1"  is  stored  in  stage  16  of  the  A or  T register,  the  effective  length  is  reduced 
to  one  stage.  In  this  case,  the  register  input  is  entered  on  the  FB  input  rather 
than  the  CG  data  input.  The  ANDing  of  the  FB  input  with  the  contents  of  the 
selected  A or  T register  results  in  the  FB  signal  being  entered  only  into  the 
CG  register  stage  corresponding  to  the  "1"  in  the  storage  register.  If  the  CG 
Data  input  is  kept  low,  the  register  functions  as  a normal  shift  register. 
However,  if  the  CG  Data  input  is  high,  the  CG  Data  output  is  the  FB  input 
delayed  by  the  specified  number  of  clock  periods  and  inverted.  Thus,  using 
the  CG  register  in  conjunction  with  the  other  three  serial  registers  on  the 
array,  a serial  shift  registei  with  either  inverted  or  noninverted  output  and 
with  any  length  from  1 to  64  stages  is  possible. 

The  operational  speed  of  the  individual  registers  is  given  in  the 
section  on  array  performance  results.  There  is  a slight  maximum  speed 
reduction  from  results  obtained  for  the  individual  registers  when  they  are 
connected  together  to  form  registers  longer  than  16  stages.  This  speed 
reduction  is  due  to  the  delay  through  the  array  output  drivers. 

e.  Storage  Register  Readout 

Readout  of  data  stored  in  the  A or  T storage  registers  requires 
the  use  of  the  CG  register.  The  AT  input  is  used  to  select  the  register  to  be 
read  out.  If  AT  is  high,  the  A register  is  selected;  while  if  AT  is  low,  the  T 
register  is  selected.  The  first  step  in  reading  out  the  selected  storage  register 
is  to  initialize  the  CG  register  to  the  all  "0"  state.  This  is  done  by  either 
clocking  the  CG  register  with  the  CG  data  and  FB  inputs  low,  or  by  parallel 
loading  the  CG  register  with  the  all  "0"  vector  from  the  V register.  Once  the 
CG  register  is  in  the  all  "0"  state,  the  data  is  transferred  from  the  storage 
register  to  the  CG  register  by  clocking  the  CG  register  once  with  the  FB  input 
high.  With  the  FB  input  returned  to  the  low  state , the  data  can  be  clocked  out 
on  the  CG  Data  output.  An  alternate  approach  is  to  parallel  load  the  data  into 
the  SD  register  once  it  is  in  the  CG  register  and  then  output  it  on  the  SD  Data 
output. 

f.  Expansion  Capabilities  for  Longer  Codes 

In  many  applications  a pseudorandom  code  generator  of  more  than 
16  stages  is  required  to  generate  the  desired  sequence  length.  The  code 
generator  array  is  designed  for  ease  of  expansion  to  meet  svch  requirements. 
Two  code  generator  arrays  connected  together  form  a code  generator  with  a 
maximum  of  32  stages.  Each  additional  array  added  increases  the  maximum 
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number  of  stages  available  by  16,  with  each  array  forming  a 16-stage  slice 
through  the  expanded  code  generator.  Expansion  is  achieved  without  sacrificing 
any  of  the  capabilities  of  the  code  generator.  Also,  no  additional  logic  is  re- 
quired when  connecting  the  code  generator  arrays  together. 

Figure  3 shows  three  code  generator  arrays  connected  together 
to  form  a 4 8- stage  code  generator.  The  output  of  each  of  the  four  shift  reg- 
isters of  the  first  array  is  connected  to  the  corresponding  register  input  of  the 
second  array.  Similarly,  the  register  outputs  of  the  second  array  are  con- 
nected to  the  register  inputs  of  the  third  array.  As  a result,  the  effective 
length  of  each  register  is  increased  to  48  stages.  In  this  case,  the  pseudo- 
random code  is  available  at  the  CG  Data  output  of  the  third  array  and  is  then 
connected  to  the  FB  input  of  each  array  to  provide  the  feedback  signal.  The 
capacitive  loading  on  the  CG  Data  output  resulting  from  driving  a number  of 
arrays  is  minimized  by  having  the  FB  input  drive  only  a single  inverter  on  each 
array.  Initialization  procedures  are  the  same  for  the  expanded  version  as  for 
a single  array  except  that  all  register  lengths  are  increased. 

Each  array  contains  a unity  vector  expansion  circuit.  The  unity 
vector  expansion  circuit  is  used  to  AND  the  separate  unity  vector  signals  pro- 
duced by  each  array  to  form  the  unity  vector  signal  for  the  entire  code  genera- 
tor. In  the  example  of  a 48-stage  code  generator,  only  one  of  these  expansion 
circuits  is  used  to  AND  the  three  separate  unity  vector  signals.  On  longer 
code  generators,  several  of  the  expansion  circuits  must  be  used.  Each  ex- 
pansion circuit  in  the  unity  vector  signal  path  introduces  one  clock  period  of 
delay. 


The  clock  and  load  command  inputs  for  the  different  arrays  of 
the  expanded  code  generator  are  the  same. 


4.  Circuit  Description  and  Design 

a.  Shift  Register  Stage  Without  Parallel  Loading 

Quasi- static  register  stages  without  parallel  load  capability  are 
used  in  the  initialization  vector,  V,  and  acquire- track,  AT,  registers.  These 
register  stages  will  retain  data  when  clock  is  high,  but  loss  of  data  can  occur 
if  clock  is  low  for  extended  periods  of  time. 

The  operation  of  this  register  stage  is  explained  by  referring  to 
the  logic  diagram  of  Figure  4.  The  input  data,  IN,  is  sampled  when  clock  C 
is  low,  turning  on  transmission  gate  T1  and  turning  off  transmission  gates  T2 
and  T3.  This  action  applies  the  IN  signal  to  the  gate  of  inverter  II.  The  out- 
put of  II  is  then  IN  and  the  feedback  inverter  12  output  goes  to  IN.  The  off 
transmission  gate  T2  isolates  inverter  13  from  changes  in  the  II  output.  The 
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Figure  3.  Three  code  generator  arrays  connected  together  to  form  a 
4 8- stage  code  generator. 
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Figure  4.  Shift  register  stage  without  parallel  load. 

gate  voltage  on  13  will  remain  constant  unless  leakage  current  charges  or  dis- 
charges the  gate  capacitance.  The  rate  at  which  this  gate  capacitance  is 
charged  or  discharged  by  leakage  determines  the  maximum  time  clock  can  re- 
main low  without  the  register  malfunctioning. 

When  clock  goes  high,  transmission  gate  T1  is  turned  off  and 
transmission  gate  T3  is  turned  on  which  places  the  output  of  12  on  the  input  to 
II.  T1  isolates  the  register  from  any  further  changes  which  may  occur  in  IN. 
The  feedback  devices  12  and  T3  maintain  the  same  voltage  on  the  gates  of  II 
as  established  prior  to  clock  transition  preventing  any  change  due  to  leakage. 

At  the  same  time,  transmission  gate  T2  is  turned  on  which  places  the  output 
of  II  on  the  input  of  13.  The  resulting  output  signal,  OUT,  becomes  the  same 
as  the  IN  signal  sampled  when  clock  was  low.  These  voltages  are  maintained 
indefinitely  as  long  as  clock  remains  high. 

The  shift  register  stage  could  be  made  static  when  C is  low  by 
placing  a feedback  inverter  and  transmission  gate  around  13.  However,  this 
would  increase  the  number  of  devices  in  the  register  stage  from  12  to  16  with 
a corresponding  increase  in  array  area.  Also,  the  additional  logic  would  result 
in  a slight  decrease  in  the  maximum  clock  rate  for  the  register.  Another 
possibility  considered  during  the  design  phase  was  to  eliminate  T3  and  use  de- 
vices with  high  length  to  width  ratio  in  12.  The  resulting  cell  area  saved  is 
minimal  and  this  design  is  more  subject  to  problems  if  extreme  variation  in 
process  parameters  occurs. 
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b.  Shift  Register  Stage  with  Parallel  Load 


The  register  stages  used  in  the  code  generator  register,  CG,  anH 
the  serial  data  register,  SD,  must  have  provisions  for  asynchronous  entry  of 
data.  The  registers  used  are  quasi- static  registers  as  described  in  the  pre- 
vious section,  but  with  II  replaced  with  a complex  gate  permitting  parallel 
entry  of  data. 


The  operation  of  the  register  stage  with  parallel  load  is  explained 
with  reference  to  Figure  5.  Whenever  LOAD  is  high  and  LOAD  is  low,  the 
complex  gate  G1  becomes  an  inverter  with  the  input  coming  from  transmission 
gate  T1  or  T3.  The  operation  of  the  register  is  then  the  same  as  the  register 
without  parallel  load  described  in  the  previous  section. 

When  LOAD  is  high  and  LOAD  is  low,  the  gate  Gl  looks  like  an 
inverter  with  LOAD  DATA  as  its  input.  If  clock  is  high  turning  on  T2,  the 
register  output,  OUT,  will  become  the  same  as  the  LOAD  DATA  input.  The 
feedback  loop  will  be  closed  when  LOAD  goes  low,  and  the  register  will  be 
held  in  the  state  established  while  LOAD  was  high.  Proper  operation  requires 
that  the  clock  C be  high  whenever  a parallel  load  takes  place.  In  an  attempt  to 
parallel  load  with  clock  C low,  the  off  transmission  gate  T2  will  keep  the  LOAD 
DATA  input  from  reaching  the  output.  When  LOAD  goes  low  the  output  of  Gl 
will  go  to  IN  rather  than  LOAD  DATA  since  T1  is  on  and  T3  is  off. 

The  register  stage  with  parallel  load  requires  18  devices  as  com- 
pared with  the  12  devices  required  without  parallel  load.  The  maximum  clock 
rate  for  the  register  is  only  slightly  reduced  from  that  of  register  without 
parallel  load. 


c.  Storage  Register 


The  storage  register  used  in  the  A and  T registers  is  the  third 
type  of  register  used  in  the  code  generator  array.  The  lack  of  a serial  shift 
requirement  simplifies  the  register  structure  and  reduces  the  number  of  devices 
to  8. 


The  operation  of  the  storage  register  is  explained  by  referring  to 
Figure  6.  Whenever  clock  L is  high,  transmission  gate  T1  is  turned  on 
while  T2  is  turned  off.  The  output  signal  OUT  will  go  to  the  same  state  as 
the  input  signal  IN.  When  L goes  low,  T1  is  turned  off  isolating  the  register 
from  any  further  changes  in  IN,  while  T2  is  turned  on  completing  the  feedback 
loop.  Neither  inverter  input  is  free  to  drift  resulting  in  full  static  storage. 
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Figure  5.  Shift  register  stage  with  parallel  load. 


Figure  6.  Storage  register. 


d.  Exclusive  OR 


The  code  generator  register  portion  of  the  array  requires  16 
exclusive-OR  gates  in  addition  to  the  register  stages  with  parallel  load.  Of 
the  several  possible  circuits  for  the  exclusive-OR  function,  the  one  shown  in 
Figure  7 was  chosen.  This  exclusive  OR  produces  only  two  gate  delays,  has 
a total  of  10  devices,  and  requires  only  the  uncomplemented  form  of  the  input 
signals. 


Figure  7.  Exclusive  OR. 
e.  F eedback  Gating 


Each  of  the  16  stages  of  the  code  generator  has  a feedback  gating 
network  which  selects  either  the  output  of  the  A register  or  the  T register  to 
be  ANDed  with  the  feedback  signal,  FB,  to  produce  one  of  the  inputs  to  the  ex- 
clusive OR  located  in  the  code  generator.  The  logic  used  to  accomplish  this 
selection  and  ANDing  process  is  shown  in  Figure  8.  Whenever  the  AT  array 
input  is  high,  transmission  gate  T1  is  turned  on  while  transmission  gate  T2  is 
turned  off  thereby  selecting  the  contents  of  the  A register.  Conversely,  when- 
ever AT  is  low,  T2  is  turned  on  while  T1  is  turned  off  thereby  selecting  the  con- 
tents of  the  T storage  register.  The  ANDing  of  the  contents  of  the  selected 
storage  register  with  the  feedback  signal,  FB,  is  accomplished  by  gates  G1  and 
G2  of  Figure  8.  Feedback  signal  FB  is  inverted  in  a single-stage  input  driver 
before  being  distributed  to  the  16  feedback  gating  networks  as  FB. 


Figure  8.  Feedback  gating  network. 
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Of  prime  concern  in  the  design  of  the  feedback  gating  network  is 
the  minimization  of  delay  in  the  path  from  the  FB  input.  This  is  the  critical 
path  in  determining  the  maximum  frequency  of  operation  of  the  code  generator. 
As  designed,  there  are  only  two  gate  delays  between  the  FB  input  to  the  array 
and  the  exclusive-OR  gates,  namely,  1)  the  FB  input  driver  which  minimizes 
the  capacitive  load  seen  at  the  input  and  2)  a two- input  NOR  in  the  feedback 
gating  network. 


f.  All  l's  Detection  Circuit 


The  all  l's  detection  circuit  detects  the  presence  of  the  unity 
vector  in  the  CG  register  by  ANDing  the  states  of  the  16  register  stages.  The 
circuit  used  for  this  purpose  is  shown  in  Figure  9.  The  inputs  are  broken  down 
into  two  groups  of  eight  to  simplify  the  array  layout  and  to  minimize  the  through- 
put delay.  The  use  of  two  input  NAND  and  NOR  gates  keeps  device  size  require- 
ments to  a minimum  while  maintaining  speed.  The  two  signals  formed  by  NAND- 
ing  each  group  of  eight  inputs  are  retimed  in  a register  stage  before  being  com- 
bined in  a NOR  gate.  The  output  of  the  NOR  gate  is  retimed  in  another  register 
before  going  to  the  All  l's  output  driver.  The  net  effect  of  this  logic  is  to  AND 
the  16  input  signals  while  introducing  two  clock  periods  of  delay.  The  retiming 
registers  used  are  identical  to  the  registers  without  parallel  load  previously 
described.  The  clock  signal  for  these  registers  is  CGC,  the  clock  for  the  code 
generator  register.  As  a result  of  the  retiming  registers,  transitions  in  the 
All  l's  output  coincide  with  transitions  in  the  CG  Data  output. 

CGC 


REG 


OUT 


CGC 

Figure  9.  All  l's  detection  circuit  (96  devices,  two  clock  period  delays). 
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g*  All  1*3  Expansion  Circuit 

The  all  l's  expansion  circuit  is  used  to  combine  the  outputs  of  the 
all  1 s circuits  from  several  chips  to  produce  an  overall  unity  vector  signal 
when  several  chips  are  used  to  form  an  expanded  code  generator.  The  all  l’s 
expansion  circuit,  shown  in  Figure  10,  consists  of  a three  input  NAND  gate, 
inverter  and  retiming  register.  The  three  inputs  are  ANDeil  and  given  a one 
clock  period  delay  by  the  register.  The  retiming  register  is  the  register  with- 
out parallel  load  previously  described.  The  clock  signal  for  this  register  is 
CGC,  the  code  generator  register  clock. 


ALL  l‘«  ( 
EXPANSION  { 
INPUTS  ( 


Figure  10.  All  l's  expansion  circuit, 
h.  Input  and  Clock  Drivers 

Input  clock  drivers  of  the  type  shown  in  Figure  11  are  used  on 
each  of  the  four  array  clock  input  lines.  These  clock  drivers  perform  three 
main  functions: 

1.  The  reduction  from  approximately  9 pF  to  less  than  3 pF  in 
the  capacitive  load  seen  by  the  off  chip  source  driving  the 
clock  input. 

2.  The  generation  of  the  complement  of  the  clock  signal  required 
by  the  register  stages  in  addition  to  the  clock  signal. 

3.  The  reconstitution  and  reshaping  of  the  clock  signal  prior  to 
its  distribution  to  the  register  stages.  This  improves  per- 
formance if  the  input  clock  signal  is  less  than  full  amplitude 
or  has  a long  rise  and  fall  time. 

The  use  of  clock  drivers  does  introduce  a delay  in  the  clock  signal 
which  must  be  considered  from  the  system  timing  standpoint.  The  clock  signal 
on  chip  is  slightly  delayed  from  the  clock  signal  by  the  additional  inverter  in 
the  clock  driver.  However,  this  clock  skew  is  not  great  enough  to  affect  array 
operation.  A slightly  larger  driver  is  used  on  the  CGC  clock  input  since  it 
clocks  registers  in  the  all  l's  circuitry  in  addition  to  the  CG  register.  The 
widths  of  the  devices  in  the  driver  Inverter  are  listed  below. 


ALL  l'$ 

EXPANSION 

OUTPUT 
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CGC 

21  mils 

14  mils 

VC 

17. 1 mils 

11.4  mils 

SDC 

17. 1 mils 

11.4  mils 

ATC 

17. 1 mils 

11.4  mils 

Input  drivers  are  also  used  on  the  LA,  LT,  AT,  VL,  and  SDL  con- 
trol inputs.  Each  of  these  control  signals  and  Its  complement  Is  required  by 
the  16  stages  of  the  array.  The  use  of  a driver  on  these  inputs  also  provides 
signal  reshaping  and  a reduction  in  the  Input  capacitive  load.  The  drivers  used 
for  these  inputs  are  the  same  as  the  clock  drivers  except  that  reduced  loads 
permit  device  size  reduction  to  a 13.5  mil  width  for  the  p-device  and  a 9 mil 
width  for  the  n-device. 

No  input  drivers  are  used  on  the  data  Inputs  to  the  four  registers. 
In  each  of  these  cases,  the  array  input  goes  to  just  the  input  stage  of  the  regis- 
ter, and  hence,  the  capacitive  load  is  small.  Also,  a driver  on  these  Inputs 
would  delay  the  input  signal  thereby  reducing  the  maximum  speed  when  more 
than  one  TCS045  array  was  used. 

An  input  driver  consisting  of  a single  inverter  is  used  on  the  FB 
input.  Since  the  feedback  signal  path  is  the  critical  path  in  determining  the 
maximum  operating  rate  of  the  code  generator,  it  was  desired  to  keep  the 
capacitive  load  seen  by  the  input  and  any  driver  delay  to  a minimum.  Also, 

FB  rather  than  FB  is  required  as  the  input  in  the  feedback  selection  circuitry. 
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To  best  satisfy  all  these  requirements,  a single  inverter  consisting  of  a 10.8 
mil  wide  p-device  and  7.2  mil  wide  n-device  is  used  on  the  I'B  input. 


i.  Output  Drivers 

Device  sizes  internal  to  the  code  generator  array  are  kept  small 
to  minimize  both  the  array  area  and  the  array  power  dissipation.  However, 
these  small  devices  do  not  supply  sufficient  current  to  drive  the  larger  capaci- 
tive loads  seen  off-chip.  Output  drivers  consisting  of  two  inverters  in  series 
are  used  on  each  of  the  array  outputs  to  provide  the  desired  drive  capability. 

Device  widths  of  27  mils  for  the  p-device  and  18  mils  for  the 
n-device  were  chosen  for  the  final  stage  of  the  driver.  The  predicted  output 
rise  and  fall  times  for  this  driver  remain  less  than  20  ns  for  loads  up  to  35  pF 
when  operating  at  10  V.  The  increase  in  output  rise  and  fall  times  is  approxi- 
mately 4 ns  for  each  additional  10  pF  of  load.  The  input  inverter  in  the  output 
driver  has  a 9 mil  wide  p-device  and  6 mil  wide  n-device.  This  inverter  is 
intermediate  in  size  between  the  register  output  inverter  and  the  final  driver 
inverter.  It  is  capable  of  driving  the  load  presented  by  the  final  driver  inverter 
without  excessively  loading  down  the  register  output. 

5.  Array  Performance 

The  performance  information  presented  in  this  section  was  obtained 
from  tests  performed  on  packaged  code  generator  arrays  at  RCA  Advanced 
Technology  Laboratories. 


a.  Maximum  Speed  as  Code  Generator 

The  code  generator  array  is  designed  to  produce  a 20-megabit-per- 
second  pseudorandom  sequence  when  operating  at  10  V.  The  maximum  speed 
is  measured  with  the  array  producing  a maximal  length  sequence  of  2 16  - 1 bits 
length.  The  maximal  length  sequence  used  is  obtained  by  programming  feed- 
back taps  to  stages  1,  3,  4,  and  6.  Speed  results  do  not  depend  on  whether  the 
A or  T mode  is  selected.  The  maximum  speed  is  independent  of  the  code  being 
generated  or  the  effective  length  of  the  code  generator. 

The  maximum  speed  at  various  operating  voltages  is  given  in 
Table  1.  The  load  on  the  CG  Data  output  consists  of  the  FB  input,  the  test 
fixture,  and  the  scope  probe  used  to  observe  the  output.  The  test  fixture  ar.d 
scope  probe  contribute  3 to  5 pF  to  the  load.  The  maximum  speed  obtainable 
showed  variation  from  one  processing  run  to  another.  All  the  arrays  which  did 
not  exceed  20  MHz  at  10  V are  from  the  same  lot.  The  distribution  of  maximum 
speeds  at  10  V for  the  arrays  tested  is  given  in  Figure  12.  The  plot  of  maxi- 
mum frequency  versus  operating  voltage  (see  Figure  13)  shows  that  the 
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TABLE  1.  MAXIMUM  CODE  GENERATOR  SPEED  GENERATING 
A PN  SEQUENCE 


VDD 

(V) 

Maximum  Clock  Rate 
(MHz) 

Average 

Minimum 

Maximum 

3 

3.9 

2.6 

7.9 

5 

10.4 

8.4 

16.6 

7 

15.  5 

12.6 

22.  7 

10 

22.1 

17.8 

30.7 

CODE  GENERATOR  ARRAY 


MAXIMUM  CLOCK  RATE  ( MHz  ) 

Figure  12.  Distribution  of  maximum  speeds  at 
10  V for  the  arrays  tested. 


maximum  operating  rate  of  the  code  generator  increases  nearly  linearly  with 
the  supply  voltage. 

The  speed  at  which  a pseudorandom  sequence  can  be  generated 
also  depends  on  the  capacitive  load  on  the  CG  register  output.  Increasing  the 
capacitive  load  on  the  output  increases  the  output  rise  and  fall  times.  Since  the 
CG  register  output  is  connected  to  the  FB  input,  increased  delay  is  introduced 
in  the  feedback  path  whenever  the  output  rise  and  fall  times  increase.  The 
effect  of  the  capacitive  load  on  the  maximum  speed  is  minimized  by  using  a 
driver  stage  on  the  register  output.  Figure  14  is  a plot  of  the  maximum  code 
generator  frequency  as  a function  of  load  when  operating  at  10  V. 
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MAXIMUM  LENGTH  PN  SEQUENCE 
FEEDBACK  TO  STAGES  I,  3, 4,  6 
OUTPUT  LOAD  ~3  pF 


4 


I 


f 


Figure  13.  Maximum  CG  clock  frequency 
versus  operating  voltage. 

b.  Maximum  Speed  as  Shift  Register 

The  maximum  speed  of  the  CG  register  when  operated  as  a 16- 
stage  shift  register  is  twice  that  obtainable  when  it  is  operated  as  a pseudoran- 
dom sequence  generator.  The  maximum  speed  as  a pseudorandom  sequence 
generator  is  limited  by  delay  through  the  output  driver,  the  FB  input  driver, 
and  the  feedback  gating  network.  The  limiting  factor  when  operated  as  a shift 
register  is  the  maximum  rate  at  which  the  register  stages  themselves  can  be 
clocked.  The  average  maximum  clock  rate  for  the  registers  is  given  in  Table  2. 

The  CG  and  SD  registers  have  identical  stages  with  the  parallel 
load  feature.  The  difference  in  speed  between  these  two  registers  is  primarily 
due  to  the  presence  of  an  exclusive-OR  gate  between  successive  stages  of  the 
CG  register.  Register  stages  without  the  parallel  load  feature  are  used  in  the 
AT  and  V registers.  This  simplification  in  the  logic  Increases  the  speed  of 
these  registers  over  that  of  the  SD  register.  The  slight  difference  in  speed 
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Figure  14.  Maximum  code  generator  frequency  as  a 
function  of  load  when  operating  at  10  V. 


TABLE  2.  MAXIMUM  CLOCK  FREQUENCY  FOR  SHIFT  REGISTERS 


Maximum  Clock  Rate  (MHz) 

Register 

VdD  = 5 

VdD  = 7 

Vdd  = 10 

CG 

20.5 

31.9 

44 

SD 

34.7 

* 

♦ 

AT 

40.2 

♦ 

* 

V 

38.7 

♦ 

♦ 

♦Greater  than  50  MHz 

between  the  AT  and  V registers  can  be  attributed  to  a difference  in  the  load  each 
must  drive  in  the  array  since  they  are  identical  in  other  respects. 


The  maximum  speeds  given  above  are  determined  solely  by  the 
Internal  operation  of  the  registers.  In  any  application  of  the  registers,  the 
delay  Introduced  by  the  output  drivers  would  have  to  be  taken  into  consideration. 
The  delay  in  the  output  drivers  will  reduce  the  maximum  speed  when  several 


29 


of  the  registers  are  connected  together.  However,  the  output  drivers  are 
needed  to  reduce  the  effect  of  output  load  capacitance  on  register  performance. 
This  is  further  discussed  in  the  section  of  output  rise  time,  fall  time,  and  delay. 


c . Leakage  Power 


The  power  dissipated  by  the  code  generator  array  can  be  broken 
down  into  two  parts,  leakage  power  and  dynamic  power.  The  frequency  inde- 
pendent leakage  power  results  from  leakage  current  in  the  array.  The  leakage 
current  ideally  should  be  zero  since  complementary  MOS  circuitry  is  used 
throughout  the  array.  A variation  in  leakage  current  is  observed  from  array  to 
array,  however,  since  normally  OFF  devices  do  have  a leakage  current  com- 
ponent. Also,  within  an  array  considerable  variation  in  leakage  current  may 
result,  depending  on  the  states  of  the  registers.  Leakage  current  was  measured 
for  each  array  on  both  the  V and  AT  V dd  voltage  inputs  at  several  voltages 
from  3 to  10  V.  Also,  the  leakage  was  measured  with  "0's"  and  "l's"  stored  in 
the  registers.  Typical  Vjjj)  leakage  currents  ranged  from  1 to  10  jjA  at  5 V and 
from  1 to  50  p A at  10  V.  The  distribution  of  leakage  currents  for  30  arrays  is 
shown  in  Figures  15  and  16.  The  median  AT  Vqd  leakage  current  is  less  than 
2 pA  at  5 V and  10  pA  at  10  V.  Thus,  at  5 V,  less  than  10  pW  are  required  to 
maintain  the  A and  T registers. 

The  protection  diodes  on  the  signal  inputs  consisting  of  four  stacked 
zener  diodes  will  draw  a small  current  when  the  input  signal  is  in  the  high  state. 
This  leakage  becomes  significant  only  at  the  upper  operating  voltages.  The  input 
leakage  was  measured  to  be  approximately  2.3  pA  per  input  when  the  input  is  at 
10  V. 


d.  Dynamic  Power 


The  dynamic  power  is  a direct  function  of  the  speed  at  which  the 
array  is  operated.  If  none  of  the  logic  circuitry  is  changing  state,  the  only 
power  is  the  leakage  power.  The  dynamic  power  measured  in  milliwatts  per 
megahertz  for  the  array  when  generating  a maximum  length  pseudorandom 
sequence  is  given  in  Table  3.  The  sequence  is  produced  by  feedback  to  stages  1, 
3,  4,  and  6.  Only  the  code  generator  clock  CGC  is  being  clocked,  all  other 
registers  being  maintained  constant.  The  output  load  is  the  3 to  5 pF  of  the  test 
fixture  and  scope  probe.  For  a shorter  sequence  which  uses  fewer  stages  of  the 
CG  register,  the  dynamic  power  will  be  lower.  These  results  show  that  the  code 
generator  operating  at  10  V will  produce  a 20  megabit  per  second  sequence 
with  a power  dissipation  of  approximately  106  mW.  These  dynamic  power  re- 
sults are  also  plotted  in  Figure  17. 

Dynamic  power  dissipation  for  each  of  the  four  registers  when  oper- 
ated as  a shift  register  is  given  in  Table  4,  with  results  for  the  CG  and  SD  also 
plotted  in  Figures  18  and  19.  The  dynamic  power  was  measured  with  all  "0’s" 
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5 VOLT  VD0  LEAKAGE  CURRENT  (^iA  ) 


Figure  15.  TCS045  total  array  leakage  current  histograms. 
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5 VOLT  AT  VDD  LEAKAGE  CURRENT  ( /*A ) 


10  VOLT  AT  VD0  LEAKAGE  CURRENT  ( /*A  ) 


Figure  16.  Acquire/track  (AT)  memory  leakage  current  histograms. 


TABLE  3.  DYNAMIC  POWER  WHILE  PRODUCING  MAXIMAL 
LENGTH  SEQUENCE 


Voltage 

Dynamic  Pcwer 

(V) 

(mW/MHz) 

3 

0.4 

5 

1.16 

7 

2.42 

10 

5.30 

DYNAMIC 
POWER 
DISSIPATION 
(mW  ) 


MAXIMUM  LENGTH  PN  SEQUENCE 
FEEDBACK  TO  STAGES  I,  3,  4,  6 
ONLY  CGC  BEING  CLOCKED 


V0D*I0V 


Nfa)*  7 v 


VDD  * 5 V 

i i 

4 8 12  16 

CLOCK  FREQUENCY  ( MHz ) 


Figure  17.  TCS045  dynamic  power  results. 


TABLE  4.  SHIFT  REGISTER  DYNAMIC  POWER 


VDD 

(V) 

Register 

Dynamic  Power  (mW/MHz) 

Clock  Only 

Maximum 

Average 

5 

AT 

0.34 

0.84 

0.59 

CG 

0.50 

1.43 

0.96 

SD 

0.36 

0.87 

0.62 

V 

0.40 

0.88 

0.64 

7 

AT 

0.69 

1.74 

1.21 

CG 

1.00 

3.01 

2.01 

SD 

0.74 

1.88 

1.31 

V 

0.80 

1.85 

1.32 

10 

AT 

1.45 

3.83 

2.64 

CG 

2.12 

6.55 

4.34 

SD 

1.56 

4.18 

2.87 

V 

1.69 

4.06 

2.87 

and  with  alternate  "l's"  and  "0's"  being  clocked  through  the  registers.  With  a 
data  input  consisting  of  all  "0's",  the  power  measured  is  the  dissipation  in  the 
clock  circuits.  The  power  measured  with  an  alternate  data  pattern  on  the  input 
is  the  maximum  dynamic  power  for  the  register.  This  includes  power  dissipation 
resulting  from  data  changes  in  addition  to  clock  power.  The  average  power  dis- 
sipation is  determined  by  assuming  that  each  data  bit  is  different  from  the  pre- 
vious data  bit  50  percent  of  the  time.  This  is  found  by  taking  the  average  of  the 
clock  power  and  the  maximum  power. 

The  average  dynamic  power  dissipation  for  the  CG  register  when 
operating  as  a shift  register  is  less  than  the  average  dynamic  power  when  oper- 
ating as  a PN  sequence  generator  (4.34  mW/MHz  vs.  5.30  mW/MHz  at  10-V 
operation).  The  difference  is  the  power  dissipation  in  the  feedback  selection 
circuitry  when  operating  as  a PN  sequence  generator.  As  a shift  register,  the 
power  dissipation  for  the  CG  register  is  greater  than  the  dissipation  of  the  other 
three  registers.  The  additional  power  results  from  the  exclusive-OR  gates 
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between  CG  register  stages  and  from  the  CGC  clock  also  being  used  to  clock 
registers  in  the  all  l's  circuitry  and  all  l's  expansion  circuitry. 


e.  Output  Rise  Time,  Fall  Time,  and  Delay 

The  rise  and  fall  times  are  defined  as  the  elapsed  time  between  the 
10  percent  and  90  percent  of  a data  transition.  The  output  rise  and  fall  times 
are  a function  of  the  load  capacitance,  the  operating  voltage  and  the  device  sizes 
in  the  output  driver.  The  larger  device  sizes  in  the  output  driver  are  selected 
to  minimize  the  effect  of  the  external  load  capacitance  on  the  rise  and  fall  times. 
The  average  rise  and  fall  times  as  measured  at  5 and  10  V are  given  in  Table  5, 
and  are  plotted  in  Figures  20  through  23.  The  load  capacitance  consists  of  5 pF 
for  the  test  fixture  and  scope  probe  plus  any  additional  capacitance.  Since 
identical  drivers  are  used  on  the  outputs,  it  is  anticipated  that  the  rise  and  fall 
times  will  not  vary  from  output  to  output.  The  smaller  values  observed  for  the 
SD  Data  output  is  due  to  the  absence  of  a tunnel  between  the  output  driver  and 
pad  on  the  array.  The  presence  of  such  a tunnel  in  the  other  outputs  introduces 
resistance  into  the  output  lead  which  when  coupled  with  the  load  increases  the 
RC  time  constant. 

The  delay  between  the  50  percent  point  of  the  clock  input  to  the 
array  and  the  50  percent  point  of  the  output  transition  was  measured.  This 
delay  Includes  the  delay  of  the  clock  driver,  the  output  portion  of  a register 
stage,  and  the  output  driver.  The  logic  circuitry  involved  in  this  delay  path  is 
shown  in  Figure  24.  The  input  clock  signal  used  has  rise  and  fall  times  of  6 ns. 
Average  delay  values  as  a function  of  load  capacitance  at  5 and  10  V are  plotted 
in  Figures  25  and  26  and  given  in  Table  6 for  the  CG  Data  and  SD  Data  outputs. 
The  values  for  the  AT  Data  and  V Data  outputs  are  nearly  the  same  as  those  for 
the  CG  Data  output.  The  lower  values  for  the  SD  Data  output  are  due  to  the 
absence  of  the  tunnel  between  the  driver  and  pad  mentioned  above. 

f.  Minimum  Speed 

The  register  stages  used  in  the  CG,  V,  AT  and  SD  registers  are 
all  quasi-static.  These  registers  can  maintain  their  state  indefinitely  only  when 
clock  is  maintained  high,  whenever  clock  is  low,  the  gates  of  the  register  out- 
put inverter  transistors  are  left  floating.  Any  leakage  through  the  off  transmis- 
sion gate  can  cause  the  gate  voltage  to  change  and  thereby  change  the  register 
output.  This  imposes  a limitation  on  the  length  of  time  the  clock  can  remain 
low.  For  low  frequency  operation,  the  duty  cycle  of  the  clock  must  be  chosen 
so  that  the  clock  remains  high  for  most  of  a clock  period.  In  this  way  it  is  pos- 
sible to  operate  the  code  generator  at  any  frequency  down  to  dc. 

The  length  of  time  the  clock  can  remain  low  is  determined  by  mea- 
suring the  minimum  frequency  at  which  the  registers  will  operate  using  a square 
wave  clock.  This  minimum  operating  frequency  showed  considerable  variation 
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TABLE  5.  CODE  GENERATOR  OUTPUT  RISE  AND  FALL  TIMES 


Output 

Load 

(pf) 

Rise  Time  (ns) 

Fall  Time  (ns) 

At  5 V 

At  10  V 

At  5 V 

At  10  V 

AT  Data 

5 

17 

8 

11 

7 

15 

32 

16 

20 

12 

23 

39 

20 

26 

14 

38 

59 

33 

40 

22 

61 

84 

48 

58 

32 

CG  Data 

5 

20 

10 

14 

7 

15 

36 

19 

24 

13 

23 

43 

23 

28 

16 

38 

61 

35 

41 

23 

61 

86 

49 

58 

33 

SD  Data 

5 

12 

6 

9 

5 

15 

27 

13 

16 

8 

23 

35 

17 

20 

10 

38 

53 

26 

31 

16 

61 

78 

40 

45 

24 

V Data 

5 

13 

7 

11 

6 

15 

30 

16 

20 

11 

23 

37 

19 

25 

14 

38 

56 

30 

38 

22 

61 

85 

45 

55 

33 
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CODE  GENERATOR  ARRAY 
VDD  * 5 V 


ignal  rise  time 


CLOCK 

INPUT 


-OUTPUT 


Figure  24.  Code  generator  delay  path. 
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Figure  25.  TCS045  average  propagation  delays  as  a 
function  of  load  capacitance  at  5 V. 

from  array  to  array.  There  is  no  noticeable  difference  between  the  four  regis- 
ters on  the  array.  The  distribution  of  observed  minimum  frequencies  for  the 
CG  register  is  shown  in  Figure  27.  Generally,  the  registers  will  operate  down 
to  a lower  frequency  when  the  operating  voltage  is  reduced. 

g.  Maximum  Clock  Rise  and  Fall  Times 


The  register  stages  used  in  the  code  generator  array  will  fall  if 
the  input  clock  rise  and  fall  times  exceed  some  critical  value.  During  a clock 
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Figure  26.  TCS045  average  propagation  delays  as  a 
function  of  load  capacitance  at  10  V. 


TABLE  6.  CODE  GENERATOR  CLOCK  INPUT  TO  OUTPUT  DELAY 


Output 

Load 

<pf) 

Delay  (ns) 

At  5 V 

At  10  V 

Positive 

Transition 

Negative 

Transition 

Positive 

Transition 

Negative 

Transition 

CG  Data 

5 

47 

43 

23 

21 

15 

53 

48 

27 

23 

23 

57 

50 

29 

25 

38 

67 

55 

33 

27 

61 

80 

63 

40 

31 

SD 

5 

38 

35 

19 

17 

15 

44 

38 

22 

19 

23 

47 

41 

23 

20 

38 

55 

46 

27 

23 

61 

67 

52 

33 

26 
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transition,  one  of  the  two  transmission  gates  in  the  forward  path  is  being  turned 
on  while  the  other  is  being  turned  off.  These  two  transmission  gates  are  shown 
in  the  schematic  of  Figure  28  as  T1  and  T3.  Both  of  these  transmission  gates 
will  be  partly  on  during  a clock  transition.  If  the  clock  transition  is  too  slow, 
a signal  may  propagate  through  both  transmission  gates  and  the  intermediate 
logic  gate  before  the  second  transmission  gate  is  completely  turned  off.  The 
use  of  clock  drivers  in  the  array  helps  to  reduce  the  clock  rise  and  fall  times 
as  seen  at  the  register  stages.  However,  if  the  input  clock  has  too  great  a 
rise  or  fall  time,  the  clock  driver  circuit  will  not  reshape  the  input  signal  suf- 
ficiently to  avoid  a malfunction.  The  maximum  input  clock  rise  and  fall  times 
which  can  be  tolerated  decrease  with  increasing  operating  voltage  since  the 
speed  of  the  logic  increases. 


f 

v 


I 


T2 


Figure  28.  Typical  register  stage. 

Typical  maximum  rise  or  fall  times  on  the  clock  before  failure 
are  plotted  in  Figure  29.  The  maximum  rise  and  fall  times  are  obtained  by 
applying  a ramp  to  the  clock  input  under  test  and  increasing  the  length  of  the 
ramp  until  the  onset  of  failure  is  reached.  The  rise  time  given  is  the  length  of 
the  ramp.  The  AT  and  V registers  which  have  only  an  inverter  between  the 
transmission  gates  have  the  lowest  maximum  allowable  clock  rise  and  fall  times. 
The  CG  register,  with  the  most  logic  between  transmission  gates,  is  the  most 
tolerant  of  slow  clock  rise  and  fall  times. 


6.  Engineering  Specification 

The  engineering  specification  for  the  code  generator  array  is  given  in 
Table  7.  This  data  is  a summation  of  test  results  accumulated  for  the  code 
generator  array. 
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MAX. 
INPUT 
CLOCK 
RISE 
TIME 
( ns) 


MAX. 
INPUT 
CLOCK 
FALL 
TIME 
( ns ) 


MAXIMUM  LENGTH  RAMP  \ 
POSITIVE  CLOCK  TRANSITION 
CODE  GENERATOR  ARRAY 


4 6 6 

OPERATING  VOLTAGE  ( V ) 


MAXIMUM  LENGTH  RAMP  N 
NEGATIVE  CLOCK  TRANSITION 
COOE  GENERATOR  ARRAY 


4 6 8 

OPERATING  VOLTAGE  ( V ) 


Figure  29.  Typical  maximum  clock  rise  of  fall  times  for 
satisfactory  TCS045  operation. 
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TABLE  7.  CODE  GENERATOR  ARRAY 

ENGINEERING  SPECIFICATIONS 


Parameter  Values,  VDD=10  V 

Parameter 

Minimum 

Typical 

Maximum 

Units 

Static  Vdd  Leakage  Current 

15 

100 

*iA 

Static  AT  Vjjj}  Leakage  Current 

2 

15 

mA 

Input  Clock  "0"  State  Maximum 
Width*1) 

5 

100 

MS 

Input  Clock  Rise  and  Fall  Times*1) 

70 

ns 

Maximum  Code  Generator  Frequency 
of  Operation*^) 

19 

22 

Mbs 

Maximum  Code  Generator  Register 

40 

MHz 

Clock  Frequency 

Maximum  V,  SD,  and  AT  Register 
Clock  Frequency 

50 

MHz 

CG,  V,  and  AT  Register  Output 
Propagation  Delay*5) 

25 

35 

ns 

SD  Register  Output  Propagation 
Delay*5) 

20 

30 

ns 

Output  Rise  and  Fall  Times*4) 

15 

25 

ns 

Power  Supply  Range 

3 

10 

15 

V 

Array  Power  Dissipation*5) 

53 

65 

mW 

NOTES: 

(^Applies  to  each  array  clock  Input. 

(^Generating  PN  sequence  with  5-pF  output  load. 

*^) Propagation  delay  measured  from  50  percent  point  of  signal  transition 
relative  to  50  percent  point  of  clock  signal  transition  with  15 -pF  load. 

*4)Rlse  and  fall  time  measurements  measurements  from  10  percent  to 
90  percent  points  on  output  signal  transition  with  a 15-pF  load. 

(^Producing  a maximal  length  PN  sequence  at  10  Mbs  rate.  SD,  V,  and 
AT  registers  static.  VDD  = 10  V. 
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. Summary  and  Recommendations 

The  code  generator  array  is  a versatile  building  block  which  should 
have  many  uses  in  systems  requiring  the  generation  of  pseudorandom  sequences. 
Its  features  include  fully  programmable  feedback  taps,  ability  to  store  two 
separate  feedback  tap  patterns,  separate  registers  for  Initializing  or  reading 
out  the  contents  of  the  code  generator  register,  expandability  to  beyond  the  16 
stages  on  a single  array  and  detection  of  the  unity  vector.  Pseudorandom 
sequences  at  rates  up  to  10  Mbs  at  5 Volts  or  20  Mbs  at  10  Volts  are  generated. 
Low  power  dissipation  results  from  the  CMOS/SOS  process,  typical  power  dis- 
sipation being  12  mW  at  5 V or  53  mW  at  10  V when  operating  at  10  Mbs. 

Future  design  considerations  should  incorporate  the  code  generator 
array  into  modules  which  perform  the  entire  pseudorandom  sequence  generation 
process,  including  control,  and  which  can  be  utilized  in  a system  with  minimum 
additional  circuitry. 

It  is  recommended  that  the  Unity  Vector  detection  circuitry  be  modified 
to  allow  the  output  from  stages  not  being  used  to  be  excluded  from  the  Unity 
Vector  AND  operation.  This  situation  arises  when  the  code  generator  register 
length  is  not  a multiple  of  16.  In  the  present  array,  the  outputs  of  all  16  stages 
are  ANDed  to  produce  the  Unity  Vector  and,  because  of  this  design,  an  external 
inverter  is  required  to  provide  proper  operation  for  less  than  16  stages. 


B.  DIGITAL  ARITHMETIC  SYNTHESIZERS 
1.  Theory  of  Operation 

The  Arithmetic  Synthesizer  (AS)  output  represents  a desired  output  fre- 
quency signal  in  binary  format.  This  signal  is  obtained  by  adding,  at  an  adjust- 
able clocking  rate,  a number,  Nf,  to  the  previously  accumulated  sum.  If  the 
size  of  this  accumulator  is  unlimited,  the  magnitude  of  the  binary  nunb  er  output 
Increases  without  bound.  However,  for  a finite  accumulator  length,  the  binary 
output  magnitude  overflows  to  a value  ? 1ES)  between  0 and  Nf  at  an  average  fre- 
quency fQ.  Fq  may  be  expressed  as: 


where  Nc  is  the  accumulator  size.  This  process  is  shown  in  Figure  30  and  is 
the  waveform  obtained  if  the  AS  output  is  processed  by  a Digltal-to-Analog  Con- 
verter (DAC). 

Since  the  overflow  value  (RES)  is  not  constant,  except  for  special  cases, 
the  output  frequency,  fD,  has  phase  and  amplitude  modulation.  For  large 
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Figure  30.  Arithmetic  synthesizer  binary  output. 

accumulator  size  (Nc),  high  fc  and  low  fQ,  the  modulation  is  small  and  fQ  Is 
constant  and  reasonably  spectrally  pure.  Also,  if  the  ratio  fc/fQ  Is  an  integer 
(2X),  then  the  output  has  very  low  phase  noise  and  a minimum  of  spurious  com- 
ponents, primarily  nfc  ± mfQ. 


If  one  were  to  connect  the  same  time  point  of  each  Nf  step  with  a 
straight  line  beginning  at  0 and  reaching  a maximum  amplitude  of  2n  before 
resetting  to  0,  the  frequency  of  this  output  would  be  a constant  fg  without  phase 
modulation  in  the  ideal  case.  This  process  is  shown  by  the  straight  line  plot  in 
Figure  31.  Thus,  the  binary  output  of  each  Nf  step  represents  the  amplitude  of 
a sawtooth  waveform  at  discrete  intervals  of  time  (A  = l/fc). 


If  the  staircase  signal  of  Figure  31  is  considered  the  reference  signal 
and  if  the  sawtooth  signal  is  considered  the  output  of  a voltage-controlled  saw- 
tooth generator,  then  by  use  of  a sampling  phase  detector  the  sawtooth  signal 
may  be  phase-locked  to  the  staircase  signal,  resulting  in  an  output  frequency, 
fg,  of  higher  spectral  purity  than  the  frequency,  fQ,  of  the  staircase.  This  sys- 
tem is  blocked  out  in  Figure  32. 


The  staircase  waveform  of  the  above  discussion  was  obtained  by  con- 
verting the  periodically  increasing  binary  number  to  a stepped  analog  voltage 
with  a DAC.  The  sequence  of  the  binary  number  format  is  given  in  Table  8 
under  the  heading  "staircase. " For  simplicity,  the  residue  is  assumed  to  be 
zero  for  each  period. 


..I 
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If  the  MSB  is  used  as  one  input  common  to  a series  of  exclusive-OR 
gates  and  each  of  the  remaining  bits  of  the  accumulator  output  is  the  other  input 
to  a particular  exclusive-OR  gate,  the  parallel  format  binary  sequence  at  the 
output  of  the  exclusive-OR  gates  as  given  in  Table  8 under  "triangle"  is  obtained. 
Schematically,  this  is  shown  in  Figure  33. 
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Figure  31.  Generation  of  sawtooth. 


Figure  32.  Arithmetic  syntheslzer/phase-locked  loop. 


Thus,  by  using  the  MSB  to  invert  the  remaining  bits  when  the  MSB  is 
high  (i.e.,  1),  a binary  format  which  Increases  to  a number  "N"  for  one-half 
period  then  decreases  to  zero  over  the  remaining  one-half  period  is  obtained. 
If  this  binary  sequence  is  then  applied  to  a DAC,  the  voltage  output  is  the  tri- 
angular waveform  shown  in  Figure  34. . An  arithmetic  synthesizer  using  this 
waveform  is  said  to  be  operating  with  a triangular  wave  format. 
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TABLE  8.  BINARY  FORMAT 
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TRIANGLE 
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0 
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0 

0 
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Figure  33.  Staircase  to  triangle  converter  circuitry. 

Although  shown  as  a smooth  curve  In  Figure  34,  the  triangular  wave  Is 
a series  of  ascending  steps  followed  by  a series  of  descending  steps.  If  the 
analog  sawtooth  VCO  of  Figure  32  were  replaced  with  an  analog  triangle  gener- 
ator, the  same  circuit  could  be  used  to  phase-lock  the  stepped  triangular  wave 
described  above  with  the  analog  triangular  wave.  If  phase  samples  were  taken 
on  the  descending  side,  these  phase  samples  would  require  a 180’  phase  reversal. 
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Figure  34.  Triangle  waveform. 

Since  the  triangular  wave  is  symmetrical,  only  even  harmonics  occur,  suggest- 
ing that  the  spectrum  is  "purer"  than  the  sawtooth  which  contains  even  and  odd 
harmonics.  This  is  Indeed  the  case  as  shown  later  in  this  report  when  the 
stepped  triangular  output  of  the  DAC  is  directly  fed  to  the  bandpass  filter  cir- 
cuit normally  used  to  filter  the  phase-locked  sawtooth. 

By  suitable  digital  processing  of  the  binary  output  of  the  AS  preceding 
the  DAC,  other  signal  waveforms  such  as  a sine  waveform  or  other  special 
waveforms,  by  digitized  amplitude  synthesis,  may  be  obtained.  For  example, 
the  stepped  sawtooth  waveform  can  be  used  to  address  a table-lookup  ROM  that 
provides  a digital  number  representation  of  a sine  wave.  This  report  is  con- 
cerned primarily  with  the  process  described  in  Figures  31  and  32,  which  pro- 
duces a smooth,  continuous,  sawtooth  waveform.  However,  for  comparison 
purposes,  performance  characteristics  of  the  triangle  waveform  synthesizer 
will  also  be  discussed. 

C.  ARITHMETIC  SYNTHESIZER  ARRAY  (TCS047) 

1.  General  Description  of  Operation 

The  arithmetic  synthesizer  discussed  in  the  previous  section  has  been 
designed  as  an  LSI  array  using  RCA  CMOS/SOS  technology.  The  resultant 
array,  designated  TCS047,  incorporates  the  use  of  self-aligned  silicon  gates, 
and  has  been  processed  with  the  single  epitaxial  silicon  film  I2(N/N)  process. 

Since  the  synthesizer  array  is  essentially  an  arithmetic  accumulator, 
a brief  explanation  of  digital  accumulators  is  in  order  to  provide  a basis  of 
understanding  for  the  following  discussion.  Figure  35  shows  the  logic  diagram 
of  a four-stage  accumulator.  The  accumulator  input  word  is  simply  added  to 
the  existing  accumulator  output  word  and  this  sum  is  then  clocked  to  the  output 
of  the  registers  and  a new  cycle  begins.  The  synthesizer  chip  uses  this  same 
principle  except  the  accumulator  is  segmented.  Figure  36  is  an  example  of  a 
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ACCUMULATOR  INPUT  WORD 


ACCUMULATOR  OUTPUT  WORD 

Figure  35.  Four-stage  accumulator. 


ACCUMULATOR  INPUT  WORD 
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23  22 


2 1 2° 


ACCUMULATOR  OUTPUT  WORD 

Figure  36.  Segmented  four-stage  accumulator. 


a segmented  accumulator.  The  difference  between  this  type  and  the  normal 
version  is  that  five  extra  registers  are  used  and  the  output  u md  is  delayed  an 
extra  clock  period. 


The  segmented  version,  however,  is  capable  of  being  clocked  at  a 
higher  rate  than  in  the  normal  case  where  the  speed  is  deter  mined  by  the  delay 
associated  with  four  adders  (three  ripple  carries  and  an  output  sum)  and  a 
register  (setup  and  hold  times,  etc.).  The  segmented  case  has  only  the  delay 
of  two  adders  and  a register.  This  is  not  a significant  speed  difference  for  this 
simple  four-stage  example  as  the  ratio  of  the  adder  delays  is  only  2:1.  How- 
ever, the  TCS047  synthesizer  array  is  expandable  to  form  ar  accumulator  with 
a maximum  of  32  stages.  Each  segment  consists  of  four  stages  so  the  delay 
ratio  is  8:1.  This  ratio  represents  a significant  increase  in  speed. 

Although  the  requirements  of  the  subject  contract  could  have  been 
satisfied  with  a 20-stage  accumulator,  limitations  in  potential  system  applica- 
tions for  the  building  block  could  occur  if  the  accumulator  were  limited  to  this 
size.  Analysis  of  various  potential  system  applications  indicated  that  a maxi- 
mum of  32  stages  would  ensure  universal  application.  To  incorporate  32  stages 
on  a single  array  is  not  considered  practical  at  this  time  based  on  array  size 
and  processing  yield.  To  accommodate  full  future  utilization,  therefore,  the 
32 -stage  accumulator  was  designed  so  that  it  could  be  implemented  by  using  an 
eight-stage  segmented  building  block.  Figure  37  is  the  entire  logic  block  dia- 
gram of  the  32-stage  accumulator  implementation  using  four  of  the  synthesizer 
array  building  blocks.  Each  array  is  an  eight-bit  segment  of  the  total  32  bits 
and  consists  of  an  input  data  register,  a transfer  register,  the  accumulator, 
and  the  output  drivers.  The  input  data  register  receives  the  input  word  in 
serial  form.  The  transfer  register  converts  the  word  from  serial  to  parallel 
and  temporarily  stores  the  input  word.  The  input  register  is  then  free  to  accept 
another  word.  The  data  register,  transfer  register  and  output  drivers  share  a 
common  relative  logic  position  in  each  of  the  four  different  locations  or  modes 
(0  through  3)  of  the  chip.  Note  that  the  relative  positions  of  the  adders  (A's)  and 
registers  (R's)  of  the  accumulator  section  are  different  in  each  of  the  modes. 

Figure  38  is  the  TCS047  arithmetic  synthesizer  array  block  diagram. 
The  diagram  divides  the  array  into  two  similar  sections,  the  4 LSBs  and  the 
4 MSBs.  The  four  switches  (S's)  per  section  position  the  adders  and  registers 
relative  to  one  another  to  permit  the  32-stage  accumulator  implementation 
shown  in  Figure  37.  Two  control  bits  determine  the  status  of  the  switches  for 
the  four  modes.  The  array  has  three  separate  clock  inputs  (data,  transfer, 
and  synthesizer)  to  provide  maximum  versatility  for  array  applications. 

2.  Detailed  Circuit  Description 

The  detailed  array  logic  diagram  is  shown  in  Figure  )9.  The  blocks  in 
Figure  39  designated  R correspond  to  the  data  and  accumulate r registers  and 
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Figure  37.  Logic  block  diagram  of  32-stage  accumulator. 


T-R  designates  the  transfer  registers.  The  block  labeled  P is  an  input  protec- 
tion device.  The  blocks  identified  as  input/output  switches  are  comprised  mainly 
of  transmission  gates  and  are  shown  as  a buffer  with  an  additional  input.  The 
transmission  gate  is  enabled  when  the  additional  input  is  a "1".  The  remainder 
of  the  logic  is  in  standard  form. 

The  signal  nomenclature  should  be  explained  for  the  purpose  of  clarity. 
The  LSB  section  has  a set  of  four  registers,  labeled  4R,  a two-register  set  (2R), 
and  an  adder  followed  by  two  registers  (ARR).  The  MSB  has  the  same  4R  and  2R 
sets  and  a register-adder-register  (RAR)  set.  These  logic  chains  can  also  be 
found  in  Figures  37  and  38,  which  should  be  of  help  in  understanding  the  detailed 
logic. 


For  those  who  might  want  to  pick  out  individual  logic  elements  on  an 
actual  chip,  the  topography  of  the  logic  shown  in  the  photomicrograph  of  the  array, 
Figure  40,  closely  follows  the  logic  topography  in  Figure  39. 

The  logic  diagrams  aid  the  number  of  devices  used  in  the  basic  circuits 
of  this  array  are  shown  in  Figure  41.  The  data  and  accumulator  registers,  Fig- 
ure 42,  are  quasi-static  types.  In  this  circuit,  the  clock  (C)  and  clock  (C)  signals 
are  complements  of  each  other.  During  the  C portion  of  a clock  cycle  (C  is  a 
"1"),  the  C transmission  gate  (T-gate)  is  on  and  the  C T-gates  are  off.  The  input 
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TRANSFER  REGISTER 


Figure  39.  Detailed  logic  diagram  of 
synthesizer  array. 
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Figure  42.  Data,  accumulator  and  transfer  shift  register  logic  diagrams. 

state  is  sampled  and  fed  into  the  first  two  inverters.  The  output  inverter  state 
is  held  by  the  storage  of  the  voltage  on  the  inverter  gate  capacitance.  The  leak- 
age current  through  the  off  T-gate  limits  the  time  duration  of  the  C portion  of 
the  clock  cycle. 

The  C T-gates  are  on  and  the  C T-gates  are  off  during  the  C portion  of 
the  clock  cycle.  The  input  is  inhibited  and  the  first  two  inverters  become  cross 
coupled.  The  input  state  originally  sampled  during  the  C-  period,  is  fed  to  the 
output  of  the  last  Inverter.  The  status  of  the  register  can  be  held  indefinitely 
as  long  as  C is  a 1 because  none  of  the  gates  is  left  floating  and  the  input  invert- 
ers are  cross  coupled.  The  quasi-static  register  is  used  instead  of  the  fully 
static  register  in  the  interest  of  speed,  power,  and  size. 

The  transfer  register,  Figure  42,  is  a slight  variation  of  the  data  and 
accumulator  register.  The  input  is  sampled  when  the  transfer  clock  (TC)  signal 
is  a 1.  The  input  state  is  immediately  transferred  to  the  output.  This  state  is 
held  when  TC  is  a 1.  The  register  is  stable  for  any  1 duration  of  either  TC  or 
TC  and  as  such,  it  Is  a fully  static  register. 

The  primary  concern,  when  a block  of  four  adders  is  considered,  is  to 
minimize  the  carry  ripple  delay  as  this  path  represents  the  worst-case  delay. 
Two  adder  circuits  are  used  to  accomplish  the  minimization  and  are  shown  in 
Figure  41.  The  carry  delay  is  the  delay  of  an  AND/NOR  gate  or  an  OR/NAND 
gate.  These  two  types  of  logic  elements  are  considered  a single  complex  gate 
that  constitutes  a single  level  of  logic.  This  arrangement  minimizes  the  carry 
delay  as  opposed  to  a multilevel  logic  arrangement.  The  a and  b inputs,  norm- 
ally present  before  the  carry  input,  are  added  modulo-2  and  used  to  prime  the 
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T-gates  in  the  sum  channel.  The  complex  gate  In  the  carry  channel  is  also  primed 
by  the  a and  b inputs.  Therefore,  when  the  carry  signal  arrives,  the  carry  state 
is  quickly  translated  to  the  sum  and  carry  outputs.  The  two  adder  types  are 
alternately  used  to  provide  correct  operation. 

3.  Packaging 


A photomicrograph  of  the  TCS047  array  is  shown  in  Figure  40.  The  array 
size  is  178  x 214  mils  and  contains  1938  devices.  There  are  20  input/output  pads. 
Figure  43  shows  the  pad  bonding  and  pin  designations  for  a 24-pin  DIP.  The  des- 
ignations are  the  same  as  those  used  in  Figure  39. 

K . CARRY  w C SYN  CARRY  , 0 

250UT  2 4 OUT  OUT  vDD  IN  IN  23  OUT  2Z0UT 
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4.  Performance  Characteristics 


a.  Test  Philosophy 

Testing  of  die  TCS047  Synthesizer  array  w;i.s  divided  into  two 
phases.  The  initial  phase  is  represented  by  the  low  frequency  (50  kb/s)  wafer 
probe  dynamic  test.  Here,  a test  sequence  was  develop'd  consisting  of  176 
input  words,  or  combinations,  that  was  designed  to  exercise  all  the  inputs  to 
the  various  circuits,  such  as  registers,  address,  and  switches  on  the  array. 
Each  circuit  input  is  exercised  in  both  the  1 and  0 states.  Once  the  array 
passes  this  test,  the  die  is  packaged,  retested  against  the  same  sequence,  and 
then  given  various  performance  characteristic  tests  such  as  high  speed  opera- 
tion, power  dissipation,  and  leakage  current  measurement,  all  as  a function  of 
voltage. 

Since  the  array  does  not  have  an  accumulator  reset  facility  a 
special  initializing  sequence  is  required  prior  to  the  start  of  any  test  sequence. 
The  LSB  of  the  accumulator  is  added  to  itself  which  sequentially  clears  the 
circuit  by  manipulating  the  2°  and  21  control  bits.  During  this  reset  operation, 
the  data  register  is  dynamically  checked.  With  a known  accumulator  state  and 
input  word,  the  remainder  of  the  logic  is  then  tested  by  the  input  test  word 
sequence. 


b.  Test  Results 

The  following  test  results  are  based  on  the  testing  of  40  units. 

The  units  were  fabricated  using  the  standard  I2(N/N)  process  with  a gate  length 
(mask  dimension)  of  0.25  mil. 

Figure  44  is  a curve  of  the  typical  leakage  characteristics.  The 
leakage  measurements  are  taken  with  the  clock  inputs  in  the  1 state  and  all  other 
inputs  in  the  0 state. 


The  array  speed-power  curves  are  shown  in  Figure  45  in  addition 
to  the  power,  these  curves  also  show  the  maximum  operating  frequencies  for 
the  corresponding  supply  voltages  (VDD).  Normally,  average  power  is  plotted 
in  these  curves  but  in  this  case  maximum  power  is  plotted.  The  reason  for  this 
is  that  the  array  power  is  a function  of  the  input  data  word  and  the  range  of 
these  words  with  their  corresponding  powers  is  large.  Also,  the  test  condition 
for  maximum  power  is  the  most  rigorous  test  of  the  logic.  This  condition  also 
provides  the  most  valid  value  for  the  array's  maximum  frequency  of  operation. 
All  the  registers  are  operating  at  the  same  frequency  during  this  test.  It  is 
estimated  that  the  average  power  for  the  array  is  between  30  percent  and  50 
percent  of  the  values  shewn  in  the  curves.  Average  pow.  r is  difficult  to  esti- 
mate as  it  is  very  dependent  upon  the  particular  application,  input  word  size 
and  clocking  frequency. 
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Figure  44.  TCS047  typical  leakage  characteristics. 

Table  9 contains  the  clock  and  data  input  signal  characteristics  and 
Table  10  contains  the  output  signal  response  characteristics.  There  are  essenti- 
ally three  types  of  output  signals;  2n  output  (any  of  the  8 accumulator  outputs), 
the  carry  out,  and  the  data  out.  The  information  is  given  for  various  supply 
voltages  and  capacitive  loads.  The  signal  propagation  delay  measurements  were 
taken  relative  to  the  corresponding  input  clock  signal.  The  delays  of  the  internal 
clock  driver  circuits  are  thus  included  in  the  delay  measurements.  The  accumu- 
lator outputs  have  the  longest  delays  as  these  signals  pass  through  the  additional 
delay  of  the  output  switch  circuits. 


c.  Engineering  Specification 

The  engineering  specification  for  the  array  is  contained  in  Table  11. 
This  is  an  accumulation  of  the  previously  discussed  typical  test  results  with  the 
addition  of  minimum  and  maximum  values. 

5.  Applications 

General  uses  of  the  chip,  rather  than  specific  applications,  and  the 
relationship  of  the  factors  that  determine  the  synthesizer  output  frequencies  will 
be  discussed  in  this  section. 
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DATA  RATE  - MEGABITS /SEC 
NOTE:  ALL  OUTPUTS  LOADED  WITH  5 PF 

Figure  45.  Speed-power  curves  for  TCS047  array. 

The  accumulator  output  value  has  a positive  slope.  If  the  output  were 
connected  to  a D/A  converter,  the  D/A  output  would  be  a sawtooth  (staircase) 
signal  with  the  Increment  of  each  of  the  stairs  equal  to  the  value  of  the  input 
word  In  the  transfer  register.  Periodically,  the  accumulator  overflows  and  the 
reset  value  or  residue.  Is  always  less  than  the  value  of  the  input  word. 

The  relationship  between  the  average  sawtooth  output  frequency  and  the 
other  chip  factors  is  given  by  the  following  equation: 


f 

o 

tn  N 
II 

where  f 

0 

= Average  sawtooth  output  frequency 

i 

f 

s 

= Synthesizer  clock  frequency 

W 

= Value  of  the  input  word 

N 

3 Number  of  accumulator  stages 

1 

i 

4 
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TABLE  9.  INPUT  SIGNAL  CHARACTERISTICS 


Parameters 

Parameter  Values 

Vdd  = 5 V 

vDD  = 10  V 

Min. 

Typ. 

Max. 

Min. 

Typ. 

Max. 

Clock  0 State 
Minimum  Width 
Tc  - 0 Min.  (ns) 

30 

36 

40 

8 

10 

12 

Clock  0 State 
Maximum  Width 
Tc  - 0 Max.  (2)  • 
( va) 

83 

218 

1500 

50 

125 

450 

Clock  Rise  & 

Fall  Times 

tc-r*tc-f<2) 

(ns) 

260 

363 

600 

50 

84 

130 

Minimum 
Input  Clock  to 
Data  in  Delay 

tc-d  (ns) 
c din 

5.5 

6 

8 

8.5 

10 

11 

^ Clock  refers  to  data,  transfer,  and  synthesizer  clocks  waveforms. 
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TABLE  10.  OUTPUT  SIGNAL  CHARACTERISTICS 


i 


Parameters 

Pare  meter  Valu  ;s 

V 

DD  = 5V 

VDD  “ 

10  V 

Min. 

Typ. 

Max. 

Mi  l. 

Typ. 

Max. 

Synthesizer 

Maximum 

F requency  of  Operation 

6.9 

9.3 

11.  8 

14.  5 

18.2 

22. 1 

(MHz) 

Load  (pF) 

2n  Output 

5 

60 

74 

92 

33 

37 

45 

Propagation 

Delay  d) 

15 

68 

83 

104 

37 

42 

49 

(ns) 

25 

75 

90 

114 

39 

46 

54 

Carry  Out 

5 

40 

49 

58 

22 

26 

28 

Propagation 

15 

48 

58 

70 

26 

30 

34 

Delayd)(ns) 

25 

55 

65 

78 

29 

34 

38 

Data  Out 

5 

34 

45 

62 

19 

24 

31 

Propagation 

15 

42 

55 

72 

23 

29 

38 

Delayd)  (ns) 

25 

48 

63 

81 

28 

33 

43 

2n  Output 

5 

22 

29 

40 

14 

15 

19 

Rise  Timed) 

15 

34 

47 

70 

23 

26 

31 

(ns) 

25 

48 

66 

92 

32 

36 

42 

Carry  Out 

5 

20 

25 

50 

11 

13 

15 

Rise  Time'2) 

15 

30 

41 

66 

18 

22 

26 

(ns) 

25 

46 

59 

84 

26 

31 

37 

Data  Out 

5 

22 

27 

36 

11 

15 

17 

Rise  Timed) 

15 

36 

47 

66 

20 

25 

34 

(ns) 

25 

48 

68 

96 

29 

35 

47 

2n  Output 

5 

18 

25 

54 

11 

14 

17 

Fall 

15 

30 

38 

52 

17 

22 

27 

Timed)  (ns) 

25 

38 

52 

68 

24 

30 

47 

Carry  Out 

5 

16 

20 

32 

9 

10 

12 

Fall 

15 

24 

32 

46 

15 

18 

23 

Time'2)  (ns) 

25 

36 

46 

60 

23 

26 

31 

Data  Out 

5 

16 

23 

48 

9 

12 

24 

Fall 

15 

26 

38 

70 

16 

21 

38 

Timed)  (ns) 

25 

36 

54 

110 

20 

29 

50 

'^Propagation  delay  measured  from  50%  point  on  output  signal  relative 
to  50%  on  input  clock  signal. 


(2) 

Rise  and  fall  times  measured  from  10'#  to  90%  points  on  output  jignal 
transitions. 
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TABLE  11.  TCS047  SYNTHESIZER  ARRAY  ENGINEERING  SPECIFICATION 


signal  transition. 

(^)Rise  and  fall  time  measurements  measured  from  10%  to  90%  points  on  output  signal  transitions 
with  a 15-pF  load. 


The  minimum  change  in  the  output  frequency  (min  Af0)  or  frequency 
spacing  occurs  when  the  input  word  changes  by  one  (AW  1).  Substitution  in 
equation  1 produces  the  desired  relationship: 

f 

min  Afo  = "IT  (2) 

2 

Another  way  to  look  at  frequency  spacing  is  in  terms  of  resolution. 
Given  a desired  output  frequency,  within  what  tolerance  can  the  synthesizer 
resolve  this  frequency? 


1 s 

Resolution  = ±—  min  Af^  = ± (3) 

2 

In  normal  operation,  the  periods  of  the  sawtooth  waves  will  vary  along 
with  the  maximum  and  reset  values  of  the  accumulator  as  shown  in  Figure  31. 
These  variations  result  in  both  phase  and  amplitude  modulation  of  the  desired 
output  frequency,  fQ-  Synchronous  conditions  do  exist  where  these  variations 
are  completely  eliminated.  This  occurs  when  the  accumulator  values  during  a 
cycle  are  exactly  repeated  in  subsequent  cycles.  This  occurs  only  when 

W = 2j  j = 0,  1,  2 . . . N 

Rearranging  Equation  1 and  substituting  this  value  of  W results  in  the  following 
ratio  of  fg/f0  for  synchronous  operation: 

2^  N N-l 

f/f  = -J—  = k k = 2 , 2 ....  4,  2,  1 (4) 

so  2j 

Equations  1 through  4 cover  the  basic  relationships  between  the  arith- 
metic synthesizer  array  factors.  The  quality  of  the  output  spectrum  and  general 
uses  will  now  be  covered. 

Figure  46  shows  two  basic  system  configurations.  The  simplest  is  the 
direct  type,  Figure  46A,  where  the  accumulator  digital  word  is  converted  to  an 
analog  signal  and  then  passed  through  a bandpass  filter  (BPF).  In  the  cleanup 
loop  type,  the  conversion  is  again  made  to  an  analog  signal  but  here  the  voltage 
is  then  used  as  a reference  signal  to  which  the  internally  generated  analog  saw- 
tooth is  phase  locked.  The  internal  sawtooth  signal  is  then  filtered  by  the  BPF. 
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Figure  46.  System  block  diagrams  for  arithmetic  synthesizers. 


The  harmonic  content  of  a sawtooth  wave  is  shown  in  Equation  5: 

2 ii”  1 1 

Sawtooth  f(t)  = 7 I(-l)  -sin  nut  (5) 


where  n = integer. 

The  amplitudes  of  the  second  and  third  harmonics  relative  to  the 
fundamental  are  down  only  6 dB  and  10  dB,  respectively.  The  sawtooth  opera-  ’ 
tion  is  therefore  limited  to  applications  where  the  ratio  of  the  output  frequencies 
fmax^min’  *s  *e9S  t*ian  tw®’*  This  allows  a filter  on  the  output  to  reduce  the 
second  and  third  harmonics  of  fmln  sufficiently  such  that  the  output  will  be  a 
reasonably  clean  sinusoid. 

The  phase  and  amplitude  modulation  caused  by  the  nonsync  hr  onous 
condition  of  the  accumulator  was  previously  mentioned.  This  modulation  can 
be  minimized  in  two  different  ways. 


i 


i 


First,  the  synthesizer  clock  rate  (fg)  and  the  number  of  accumulator 
stages  (N)  should  be  as  high  as  possible.  This  increases  the  number  of  steps 
per  sawtooth  cycle  and  decreases  the  size  of  each  step.  The  phase  error  is 
reduced  by  the  greater  number  of  steps  per  cycle  and  the  amplitude  variations 
are  reduced  by  the  reduced  size  of  each  step. 

The  D/A  converter  is  usually  the  limiting  factor  in  the  system.  It 
generally  limits  the  clocking  rate  (fg)  and  it  has  an  inherent  SNR  which  is  de- 
pendent on  the  number  of  input  bits  of  the  D/A. 

A second  method  of  using  the  TCS047  synthesizer  array  is  to  incorpor- 
ate the  use  of  a cleanup  loop  as  shown  in  Figure  46 B.  The  internally  generated 
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sawtooth  always  starts  (reset  value)  at  the  same  value  and  ends  at  the  same 
value  thereby  eliminating  the  amplitude  variation.  The  internal  sawtooth  can 
be  locked  to  the  reference  signal  by  sampling  the  two  signals  when  the  reference 
signal  is  in  the  vicinity  of  the  middle  of  its  positive  going  staircase.  The  refer- 
ence signal  is  always  at  the  correct  value  at  this  time  if  it  were  compared  to  a 
perfect  sawtooth  waveform.  This  disregards  the  quantization  error  caused  by 
the  limited  number  of  bits  in  the  accumulator  and  the  D/A  converter.  At  any 
rate,  the  internally  generated  sawtooth  wave  does  not  have  the  phase  noise  that 
is  associated  with  the  reference  waveform.  More  will  be  discussed  about  this 
method  in  the  following  sections  as  this  is  the  method  used  to  develop  the  synthe- 
sizer module. 

The  synthesizer  output  can  be  easily  converted  from  a sawtooth  wave 
to  a triangular  wave.  The  conversion  consists  of  complementing  (inverting) 
the  synthesizer  output  word  on  alternate  sawtooth  cycles.  In  the  actual  imple- 
mentation of  this  conversion,  the  MSB  of  the  output  word  is  used  as  the  control 
signal  to  the  complementing  logic.  This  in  effect  reduces  the  number  of  accu- 
mulator stages  by  one  as  the  MSB  is  no  longer  used  as  an  output  bit.  Therefore 
in  Equations  1 through  4,  the  variable  N is  replaced  by  N-l.  This  is  valid  when 
the  triangle  wave  replaces  the  sawtooth  wave  in  the  systems  shown  in  Figure  46. 

The  harmonic  content  of  a triangle  wave  is  shown  in  Equation  6: 

sin  nwt\  (6) 


Hzl  / 

Triangle  f(t)  = -J-  Z(-l)  2 f -j 


where  n = odd  integers. 

The  even  harmonics  are  essentially  eliminated  and  the  third  harmonic 
is  about  20  dB  down  relative  to  the  fundamental.  The  use  of  the  triangle  wave 
in  the  system  in  Figure  46  is  thus  limited  to  an  output  frequency  band  where 
^max^mln  ls  ,ess  than  fhree.  The  ratio  of  fmax/fmin  can  be  increased  by 
including  a ROM  in  the  system.  The  ROM  converts  the  triangle  wave  to  a sine 
wave.  The  block  diagrams  of  two  systems  that  use  the  ROMs  are  shown  in  Fig- 
ure 47.  Example  waveforms  associated  with  the  two  systems  are  shown  in  Fig- 
ure 48  to  clarify  the  operation.  It  should  be  noted  in  the  system  using  the  90° 
ROM  that  the  effective  number  of  accumulator  stages  has  again  been  decreased 
by  one.  Therefore,  in  Equations  1 through  4,  the  variable  N is  replaced  by 
N-2.  The  only  difference  in  the  two  systems  is  in  the  ROMs.  Assuming  the 
ROMs  are  the  same  size,  the  90"  ROM  phase  and  amplitude  resolution  is 
greater  by  a factor  of  two.  The  spectral  purity  desired  in  the  output  signal  will 
dictate  which  type  ROM  system  must  be  used. 
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diagrams  for  arithmetic  synthesizers  using  ROMs 


. Summary  and  Recommendations 


= 


The  design  of  a CMOS/SOS  arithmetic  synthesizer  has  resulted  in  the 
development  of  a building  block  LSI  array  (TCS047)  capable  of  implementing 
synthesizers  with  up  to  32  stages.  The  maximum  frequency  of  operation  of  the 
resultant  synthesizer  array  has  been  shown  to  be  typdcally  18  LIHz  at  Vj}£)  = 10  V 
with  over  20  MHz  operation  at  = 15  V. 

The  government  specifications  for  the  synthesizer  module  developed 
under  this  program  requires  the  use  of  less  than  24  stages,  however,  indepen- 
dent system  studies  have  indicated  that  most  known  and  forecast  applications 
could  be  implemented  with  up  to  32  stages.  This  served  as  the  design  objective 
for  development  of  the  CMOS/SOS  array. 

The  partitioning  of  the  synthesizer  logic  into  four  8-bit  slices  has 
allowed  a reasonably  sized  CMOS/SOS  array  to  be  designed,  fabricated,  tested 
and  packaged.  Internal  switches  and  delay  elements  allow  the  single  8-bit 
synthesizer  array  type  to  be  utilized  in  up  to  four  different  logical  positions  to 
implement  a 32-stage  synthesizer. 

Demonstrated  performance  factors  for  the  individual  arrays  have  been 
within  10  percent  of  the  estimates  established  by  earlier  computer  simulation. 

During  the  test  and  evaluation  of  the  complete  synthesizer  module 
several  features  for  future  design  emerged.  The  TCS047  synthesizer  array 
developed  for  this  program  was  intended  for  use  with  a sawtooth  waveform  syn- 
thesizer and,  therefore,  lacked  the  circuitry  required  for  operation  with  a 
triangular  waveform  synthesizer.  In  order  to  provide  a more  universal  synthe- 
sizer building  block,  it  is  recommended  that  this  small  amount  of  circuitry  be 
incorporated  as  part  of  the  array. 

Another  design  feature  that  would  have  considerable  use  is  to  provide 
for  a parallel  input  for  the  frequency  select  word.  This  would  allow  direct 
interfacing  with  a microprocessor  controlled  frequency  scheme.  With  such  an 
added  capability,  the  synthesizer  could  be  connected  directly  to  a common  sys- 
tem data  bus. 


A third  design  modification  would  allow  the  synthesizer  array  to  be 
utilized  as  an  eight  bit  adder/accumulator.  Although  the  synthesizer  is  basic- 
ally an  accumulator,  the  addition  of  a reset  capability  would  allow  the  array  to 
be  used  in  general  arithmetic  applications. 
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D.  DIGITAL  SYNTHESIZER  MODULE 


1.  General  Characteristics 


a.  Circuit  Design  Considerations 

The  design  goals  for  the  synthesizer  system  were  established  by 
the  Government  to  be: 


Center  frequency  (fc): 
Tuning  range: 

Step  resolution: 
Spectral  purity: 
Settling  time  to  45°  : 
Output: 


200  kHz 

±12.5  kHz  about  fc 
4 Hz  minimum 
See  Figures  49  and  50 
300  /js 

Sine  wave  at  +3  dBm  (300  mV) 
minimum  across  50  ohms. 


As  explained  earlier  in  this  report,  a sawtooth  waveform  with 
constant  period,  slope  and  amplitude  will  always  pass  through  the  same  voltage 
level  as  the  AS  staircase  waveform  relative  to  the  AS  clock.  Thus,  by  con- 
sidering any  deviation  from  equality  as  an  error  voltage  and  using  this  error 
signal  to  control  the  period  of  a voltage  controlled  sawtooth  generator,  a phase- 
locked  loop  functioning  as  a synchronous  sampler  can  be  constructed  whose 
output  frequency  is  equal  to  the  average  frequency  of  the  AS  staircase  and  whose 
spurious  level  will  be  greatly  reduced. 

A block  diagram  of  such  a circuit  is  shown  in  Figure  51.  The 
phase  detector  is  a resistive  adder  which  gives  the  algebraic  sum  between  the 
AS  staircase  waveform  and  a sawtooth  waveform  of  the  opposite  slope  of  the 
AS  staircase.  This  error  voltage,  synchronously  sampled  by  a delayed  AS 
clock  signal,  is  shown  in  Figure  52a.  In  Figure  52a  the  large  voltage  variations 
occur  following  a maximum  to  minimum  voltage  transition  of  either  the  stair- 
case or  sawtooth;  sampling  is  not  allowable  between  these  two  transitions. 
Although  sampling  can  occur  during  each  of  the  remaining  small  sawtooth  vari- 
ations, no  improvement  using  multiple  samples  as  opposed  to  a single  sample 
was  observed;  hence,  single  sampling  is  used.  The  sample  used  is  determined 
by  the  sample  selector  circuitry. 

The  sampled  error  voltage  is  held  by  the  hold  capacitor  following 
the  Sampler.  This  signal  is  amplified  by  the  loop  amplifier,  filtered  by  the 
loop  filter,  and  finally  used  to  control  the  current  magnitude  of  a constant  cur- 
rent generator  (CCG).  The  output  of  the  CCG  is  integrated  in  a capacitor  to 
derive  the  sawtooth  ramp.  The  sawtooth  is  then  formed  when  the  level  of  the 
ramp  equals  the  reference  voltage  causing  activation  of  the  dump  circuit  which 
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Figure  49.  Close-in  SSB  spectral  purity  specification 

(phase  noise  and  discrete  in  dB/Hz,  50  ohms). 


Figure  50.  Wideband  spectral  purity  (discrete)  specification. 

discharges  the  integrating  capacitor  over  a period  of  approximately  60  ns.  Fol- 
lowing dumping,  the  dump  circuit  If  reset,  thereby  allowing  the  CCG  to  begin 
charging  the  integrating  capacitor  again. 

Buffer  amplifiers  are  used  to  prevent  loading  and,  hence,  non- 
linearities  in  the  sawtooth  waveform  caused  by  other  circuitry.  The  sawtooth 
is  prefiltered  in  an  RC  network  to  prevent  excessive  ringing  and  overdrive  of 
the  output  amplifier,  filtered  in  a BPF  to  reduce  harmonics  and  spurii  far 
removed  from  the  output  frequency.  Impedance  transformation  takes  place  in 
the  emitter-follower  (EF)  on  the  output,  and  finally  filtering  to  reduce  har- 
monics generated  in  the  EF  is  accomplished  in  the  lowpass  filter  (LPF). 
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Figure  51.  Block  diagram  of  phase-locked  loop  (PLL). 


(a)  STAIRCASE  U7-14 


(b)  SAWTOOTH  Q6-4 


(c)  PHASE  DIFFERENCE  Q2-2 


Figure  52.  Arithmetic  synthesizer/phase-locked  loop  waveforms. 

The  initial  synthesizer  module  design  efforts  concentrated  on  estab- 
lishing the  phase-locked-loop  (PLL)  parameters.  To  allow  for  component  tol- 
erances and  temperature,  the  pull-in  range  of  the  PLL  should  be  approximately 
50  percent  more  than  the  operating  range  of  25. 0 kHz.  Assigning  40  kHz  to  this 
value,  then  the  equation  for  pull-in  range. 


AWp  = ^2ojn(26K-cjn)  rad/s, 

and  the  equation  for  lock-in  range, 

Au.  = 26w  rad/s, 

Li  n 

provide  the  basis  for  calculating  the  loop  parameters  for  6=1.0  (critical  damping). 
Substituting  A^p  =2 ■>  (40E3)  and  A<  >L=2»r(25E3)  gives  wn=2n  (12.5E3)  and 
K = 240332. 

For  a second-order  high-gain  loop  with  a passive  filter  as  shown 
in  Figure  53,  the  remaining  loop  constants  are 

T,  = —^-5-  = 3. 896E-5 

u> 

n 

T2  ■ ■ 2-13E-6 
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Then 


WHERE: 

T|  - C(  R,  + R2  ) 
T2=C  R2 


Figure  53.  Loop  filter. 


R1  = 3757  ohms 
R2  - 4532  ohms 
for  C = 4700  pF. 


BW 


3dB 


31  kHz 


B = 51.1kHz 

Li 

Where  T,,  T2,  Rlf  R2  and  C are  as  defined  in  Figure  53,  BW3dB  is  the  closed 
loop  bandwidth  and  BL  is  the  equivalent  loop  noise  bandwidth. 


The  measured  nominal  sensitivity  (Ky)  of  the  sawtooth  VCO  was 
210, 000  radians  per  volt  and  the  phase  detector  (K$)  was  0.  25  V/radian  for  an 
output  of  1.  6 V peak  over  2n  radians. 

Each  buffer  amplifier  has  gain  of  approximately  0. 8,  thus  requir- 
ing the  loop  amplifier  to  have  a gain  of  Ka  = K/K0KV  (0.  8)2  = 240332/0.  25 
(210E3)  (0.  8) 2 = 7. 15  V/V. 

Laboratory  tests  of  the  AS/PLL  using  the  above  values  proved  to 
be  slightly  marginal  for  a ±20  kHz  pull-in  range.  Through  laboratory  tests,  the 
loop  parameters  required  modification  to  obtain  a ±20  kHz  pull-in  range  with 
some  design  margin.  Final  values  obtained  were: 

K0  = 0.25  V/radian 

K = 14. 7 V/V 

a 
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K = 210,  000  radians  per  volt 

v 

R = 6k«;  R = 3kn;  C = 4700  pF 

i.  z 

Deviations  were  attributed  to  gain  variations  in  the  sawtooth  VCO 
from  band  edge  to  band  edge,  buffer  gain,  unintentional  attenuation,  and  loop 
bandwidth  reduction  due  to  stray  resistance  and  capacitance. 

For  the  above  parameters,  the  final  loop  constants  are: 

2 


= 0.  25  (14. 7)  (210E3)  (0.  8)  = 493920 

= 4. 23E-5 
= 1.41E-5 


n 


■M 

■rfi, 


= 2n(29. 798)K  r/s  (the  loop  natural  frequency) 


- (T2  + ~)  = 1.5 

UT  = 2 (1, 5 u ) = 2n  (89. 4)  K radians/s 

l n 

u)p  = ^2u>n  (28K-a>n  1 = 2 n (110.  81)K  radians/s. 

Bode  plots  of  the  laboratory  derived  and  theoretical  cases  are 
shown  in  Figure  54. 

The  phase  error  for  a step  frequency  change  (neglecting  steady- 
state  error)  is: 


A <•>  n 

0 (t)  = rr—  (w  t)  e 


For 


t = 300  na,  Af  = ±25  kHz  and  w = 78539  radians  per  second, 

n 


6 (300  *js)  = 2(23. 56)e 
© 


■23. 56 


9 


= 2. 76  x 10  radian 

-7 

= 1.6x10  degrees. 
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Figure  54.  Bode  plots  for  sawtooth  VCO. 

Conversely,  for 

e = 45° 
e 

t s — = 12. 7 ms  for  the  sawtooth  phase-locked  loop  to  lock  to 

n within  ±45°  phase  error  for  a frequency  change  of 
±25  kHz. 

The  output  bandpass  Titter  has  a nominal  phase  delay  of  31  ms,  plus 
1. 5 m s for  the  RC  prefilter  and  output  lowpass  filter.  Also  for  a change  in  the 
input  frequency  word,  a delay  of  8 ms  (due  to  the  storage  registers  after  each 
accumulator)  is  incurred  when  operating  at  a clock  frequency  of  1 MHz  before 
the  new  frequency  appears  at  the  DAC  input. 

The  total  accumulated  delay  is: 

8 ms  TCS  047 
0 m s DAC 
12.7  ms  PLL 
32. 5 ms  filters 

53. 2 ms  calculated  lock  time  to  within  ±45°  of  steady-state  after 
a maximum  frequency  change  (±25  kHz). 
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For  a frequency  change  of  1 kHz,  the  calculated  ljck  time  is: 

8 ns  TCS047 

0#iS  DAC 

0.  25  us  PLL 
32, 5*/s  BP  filter 
40. 75  ps. 

Measured  values  of  the  above  lock  times  for  the  final  synthesizer 
module  are  75  ^s  and  20  v s for  ±25  kHz  and  1 kHz,  respectively.  Photographs, 
measurement  technique,  and  further  discussion  are  given  later  in  this  report. 


b.  Circuit  Partitioning  and  Operation 

The  schematic  of  the  Arithmetic  Synthesizer/Phase-Locked  Loop 
(AS/PLL)  is  shown  in  Figure  55.  The  following  is  a functional  description  of  the 
schematic: 


(1)  In  the  upper  left  area,  U2,  U3  and  U4  are  the  8-bit  TCS047 
AS  arrays.  Circuits  to  the  left  of  these  arrays  are  input 
level  translators  from  TTL  to  CMOS  voltages.  Circuitry  to 
the  right  is  the  reverse  translation  of  CMOS  to  TTL. 

(2)  U7  is  the  DAC  which  converts  the  binary  word  output  of  the 
TCS047  to  the  staircase  signal  used  as  the  reference 
phase  signal  in  the  phase  detector. 

(3)  The  phase  detector  consists  of  Q3,  a pulse  amplifier,  and  Q2, 
the  sampling  switch,  which,  at  each  pulse  from  Q3,  samples 
the  algebraic  sum  of  the  reference  staircase  and  the  sawtooth 
derived  at  the  junction  of  R15/C1  and  R43/C13.  This  sample 
is  stored  on  C8. 

(4)  The  loop  amplifier  provides  the  additional  loop  gain  necessary 
(over  that  of  the  VCO,  phase  detector,  and  source  follower) 

to  raise  the  level  of  the  sampled  error  signal  on  C8  sufficiently 
to  drive  the  sawtooth  VCO  constant-current  generator. 

(5)  The  amplified  signal  above  is  integrated  in  the  loop  filter 
(R75,  R76,  C28),  the  output  of  which  drives  the  constant- 
current  generator,  Q8.  The  output  of  Q8  is  integrated  in  C29 
to  generate  a voltage  ramp.  A sawtooth  is  generated  across 
C29  by  the  dumping  action  of  the  sawtooth  level  reset  detector. 

(6)  When  the  voltage  across  C29  reaches  a level  set  by  R45  of  the 
sawtooth  reset  level  detector,  U14  switches  state,  causing  Q5 
to  conduct  heavily,  thus  dumping  C29  to  generate  the  sawtooth 
VCO  signal. 
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Figure  66.  Arithmetic  synthesizer/ 
phase-locked  loop  (AS/PLL). 
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(7)  Miscellaneous  circuitry  includes  Q6,  a buffer  between  the 
sawtooth  VCO  signal  and  the  phase  detector,  and  Q9,  a buffer 
between  the  sawtooth  VCO  signal  and  the  output  filter. 

(8)  The  output  filter  consists  of  an  RC  section  preceding  Q10  to 
prevent  ringing  transients  in  Q10,  a fifth-order  unbalanced 
impedance  Tchebycheff  bandpass  filter  (LI  through  L5  and 
C33  to  C38)  driving  the  output  driver  Qll  and  a lowpass 
Cauer  filter  (C43-C47  and  L7)  for  harmonic  suppression. 

The  synthesizer  output  is  3 dBm  minimum  across  a 50-ohm 
±5%,  100-pF  load  over  the  frequency  range  of  187. 5 kHz  to 
212.5  kHz. 

(9)  In  the  lower  left  corner  of  Figure  55  is  the  clock  pulse  shaper. 
By  proper  positioning  of  jumpers  5 and  6,  the  input  clock  to 
the  AS/P LL  may  be  a 1-MHz  sine  wave  or  a 1-MHz  TTL 
signal. 

For  an  external  sinusoidal  synthesizer  clock  (Csyn)  the  con- 
nections of  jumpers  5 and  6 are  as  shown.  Pins  121  and  7 must 
be  externally  connected  at  all  times.  For  pulse  type  Csyn, 
jumper  6 must  be  removed  and  jumper  5 connected  from  A to 
B rather  than  A to  C as  shown. 

(10)  Following  the  above  circuit  is  the  sampling  pulse  generator 
which  generates  a delayed  clock  pulse.  The  purpose  of  the 
delay  is  to  inhibit  sampling  in  the  phase  detector  until  the  out- 
put of  the  DAC  (U7)  has  settled  down.  This  delay  is  approxi- 
mately 300  ns  and  thus  limits  the  maximum  clock  frequency 

to  3.5  MHz  for  the  sawtooth  wave  synthesizer  module  designed 
under  this  program. 

(11)  The  delayed  clock  pulse  mentioned  previously  is  combined 
with  the  output  of  the  sampling  step  generator  to  generate  the 
sampling  pulse  for  the  phase  detector  at  the  input  to  Q3.  The 
sampling  step  generator  determines  how  many  clock 
pulses  occur  (by  counter  U10)  after  the  staircase  is  reset  to 

0 V and  before  a sample  is  taken  by  the  location  of  jumpers  1 
through  4 (at  the  inputs  to  U8).  The  number  of  clock  pulses 
has  been  set  at  3 or  approximately  one-half  the  staircase 
amplitude. 

The  jumpers  at  U8  have  been  provided  to  allow  adjustment  of 
the  sampling  time.  For  example,  if  the  clock  frequency  is 
increased  to  3 MHz,  then  three  times  as  many  steps  occur  in 
the  staircase  relative  to  a 1-MHz  clock  (12  to  15  steps  rather 
than  4 to  5 steps).  For  this  case,  the  jumpers  should  be 
selected  to  recognize  a count  of  seven  (approximately  one- 
half  staircase  voltage)  from  U10.  This  r.iay  be  done  by 
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removing  jumper  3 from  its  A-C  connection  and  placing  it  in 
the  A-B  position.  U12  provides  a delay  before  resetting 
counter  U10. 

To  generate  a frequency,  fQ,  the  serial  digital  data  represent- 
ing the  frequency  control  word  Nf  in  binary  format  of  24  bits 
is  applied  to  PI-(5,  40),  "Data  In.  " This  data  is  then  clocked, 
MSB  first  into  the  storage  register  of  the  AS  (U2  through  U4) 
by  24  pulses  of  data  clock  (PI-(8,  43)),  whose  rate 

may  be  up  to  20  MHz.  When  the  LSB  of  the  Nf  has  been  clocked 
into  the  storage  register,  Nf  is  then  tr  ansferred  to  the  holding 
register  by  clock  "Ctrans"  (PH*,  39)).  This  Nf  word  is  then 
processed  at  each  pulse  of  the  synthesizer  clock,  Cgyn 
(PI- (7,  42))  to  produce  the  binary  equivalent  of  the  AS  output 
frequency,  fQ.  Conversion  of  this  binary  word  to  the  stair- 
case waveform  of  average  frequency  f0  is  done  by  the  DAC  (U7). 

In  addition  to  the  waveforms  shown  in  Figure  52,  typical  waveforms 
are  shown  in  Figures  56  and  57. 


2.  Performance  Characteristics 


a.  Test  Philosophy 

Since  the  TCS047  CMOS/SOS  LSI  array  was  not  available  at  the 
beginning  of  this  contract,  a discrete  TTL  version  of  the  synthesizer,  developed 
previously  by  RCA  in-house  programs,  was  used  to  generate  the  staircase  wave- 
form reference  signal  to  be  used  for  development  of  the  PLL.  Although  the  TTL 
breadboard  could  be  programmed  up  to  32  stages,  only  24  bits  were  used  in 
testing  the  circuitry  for  the  synthesizer  module. 

Much  data  were  accumulated  using  the  breadboard  and  were  used 
to  determine  PLL  performance  early  in  the  contract.  When  the  TCS047  arrays 
became  available,  they  were  incorporated  into  the  synthesizer  module  circuitry 
and  comparisons  were  made  between  the  two  technology  types  of  synthesizers. 

No  major  spectrum  differences  were  noted  and  all  spectrum  response  curves 
included  in  this  report  were  taken  on  a deliverable  AS/PLL  synthesizer  module 
using  the  TCS047  arrays. 

b.  AS/PLL  Test  Results 

Tests  using  the  discrete  AS  with  the  PLL  and  later  with  the  TCS- 
047  SOS  chip  version  of  the  AS  with  the  PLL  indicated  that  the  clock  and  the 
phase  sampling  pulse  widths  were  not  critical;  however,  the  delay  between  the 
clock  pulse  and  phase  sampling  pulse  must  be  sufficient  to  ensure  that  phase- 
error  sampling  does  not  occur  before  the  DAC  has  completely  settled.  Although 


(a)  PHASE  DIFFERENCE  Q2-2 


(b)  CLOCK  PULSE  Q16B-11 

(C)  DELAYED  CLOCK  PULSE 
Q16D-6 

(d)  SAMPLING  PULSE  Qll-8 


Figure  56.  Arithmetic  synthesizer /PLL  waveforms 
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Figure  57.  Miscellaneous  arithmetic  synthesizer  waveforms. 
(Designations  refer  to  Figure  55  oallouta. ) 
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the  DAC  is  specified  to  settle  in  10  to  20  ns,  sampling  with  delays  of  less  than 
100  to  200  ns  after  the  clock  pulse  (or  a step  transition  on  the  staircase)  intro- 
duced new  spurii  or  enhanced  spurii  already  present  in  the  PLL  output.  This 
delay  effectively  limits  the  clock  frequency  to  3.  5 MHz  or  less. 

The  most  pronounced  effect  on  spurious  signals  is  the  reset  ampli- 
tude level  of  the  sawtooth.  For  a 24-bit  accumulator,  an  all  l's  condition  cor- 
responds to  a decimal  number  224-l.  The  output  of  the  DAC  for  this  input  is 
the  maximum  output  voltage  of  the  DAC.  The  reset  level  of  the  sawtooth  should 
be  the  DAC  reference  voltage  and  corresponds  to  the  voltage  produced  by  the 
decimal  number  224.  Since  the  reset  time  of  the  sawtooth  is  finite,  this  ideal 
case  is  not  reached  and  the  reset  voltage  is  less  than  the  224  voltage  by 
(Tr/Ta)(V)  where  Tr  is  the  reset  time,  Ta  is  the  sawtooth  period  and  V is  the 
DAC  reference  voltage  level.  This  reset  level  voltage  is  generated  by  potenti- 
ometer R45  and  IC  U13  in  the  schematic  in  Figure  55.  Rapid  setting  of  R45  can 
be  obtained  by  observing  the  phase  difference  waveform  (see  Figure  56a)  at  pin 
2 of  Q2.  R45  is  then  adjusted  to  force  the  small  sawtooth  peaks  to  the  same 
voltage  level  on  the  scope,  i.  e. , with  no  horizontal  tilt  to  a straight  line  con- 
necting the  peaks.  More  accurate  adjustments  can  be  obtained  by  observing  the 
spectrum  of  a signal  on  a spectrum  analyzer  and  adjusting  R45  for  a minimum 
of  phase  noise  and  spurious  signals  within  1 to  2 kHz  of  the  signal. 

The  test  results  indicated  that  further  work  could  be  applied  to  the 
linear ity  of  the  source  followers  used  as  buffers  for  the  sawtooth  waveform.  If 
a pure  sinusoid  is  injected  into  the  gate  of  a source  follower,  the  output  second 
harmonic  is  down  55  to  70  dB,  an  indication  of  the  linearity  of  the  source  fol- 
lower. This  distortion  will  appear  as  a slight  curvature  from  a straight  line 
when  the  sawtooth  is  Injected  into  the  source  follower.  Since  this  distortion 
appears  as  a phase  error  to  the  PLL,  the  slope  of  the  sawtooth  is  adjusted  by 
the  loop  to  force  the  sawtooth  voltage  at  the  phase  sampling  instant  equal  to 
that  of  a linear  sawtooth.  This  results  in  phase  and  amplitude  modulation  of  the 
sawtooth  by  the  undesired  components  of  the  staircase.  Problem  spurious  sig- 
nals are  down  only  55  to  70  dB,  the  same  as  harmonic  distortion  of  a source 
follower. 


Various  configurations  of  source  followers  were  investigated  such 
as  single  and  cascade  discrete  transistors  and  op-amp  versions;  however,  none 
was  found  with  less  distortion  than  the  single  transistor  source  follower  that  is 
currently  used  in  the  PLL. 

The  distortion  problem  is  the  reason  the  staircase  itself  is  not 
isolated.  Use  of  a source  follower  isolator,  although  no  visually  detectable 
distortion  occurred,  produced  an  enhancement  of  the  spurious  signals  on  the 
PLL  output.  Distortion  of  the  sawtooth  signal  by  the  addition  or  shunt  loading 
also  enhanced  the  spurious  signals.  This  effect  is  shown  in  Figure  58. 
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Figure  58.  Effects  of  distortion  on  output  spectrum. 
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Spectrum  plots  of  the  final  AS/PLL  configurations  are  shown  in 
Figures  59  through  84.  In  these  photographs  of  the  spectrum  dots , the  curve 
labeled  "sawtooth"  is  the  spectrum  of  the  staircase  while  the  c urve  labeled 
"output"  is  the  spectrum  of  the  sinusoid  output  of  the  PLL. 

In  all  figures  where  100/1000  appears  in  the  "scan  width/div" 
heading,  the  horizontal  scale  is  100  Hz/div  to  the  left  of  fQ  and  1000  Hz/div  to 
the  right  of  fo*  The  left  vertical  scale  is  used  to  read  spurious  signal  levels 
and  the  right  vertical  scale  for  phase  noise  in  a 1-Hz  bandwidth  across  50  ohms. 
Also,  spurious  signal  levels  on  the  1000  Hz/div  horizontal  plot  must  be 
increased  by  6 dB  to  account  for  the  plotter  response  time.  Spikes  immediately 
to  the  right  of  the  analyzer  fQ  response  (in  most  cases  marked  by  an  "X")  are 
switching  transients  occurring  when  the  analyzer  sweep  width  was  changed  from 
100  Hz/div  to  1000  Hz/div. 

Because  of  the  amplitude  and  many  spectral  components  of  the 
staircase,  some  of  the  spectral  lines  on  the  100  Hz/div  portion  are  caused  by 
the  analyzer.  These  can  be  detected  by  their  mirror  image  shape  of  the  ana- 
lyzer bandpass  response  at  f0  (Figure  62  at  fQ  = 150  Hz,  Figure  63  at 
fQ  = 690  Hz,  for  example). 

Wideband  spectrums  are  also  shown  for  frequencies  where  the 
spurious  signals  are  of  sufficient  level  to  be  photographed. 

Figure  84  is  the  spectrum  of  the  AS/PLL  over  a range  of  200  kHz 
to  1 MHz  to  show  the  harmonic  content  of  the  output  sinusoid.  On  Figures  66 
and  71  the  PLL  has  a discrete  spurious  at  fg  + 8. 5 kHz  which  does  not  appear 
on  the  spectrum  of  the  staircase  when  plotted  on  the  Adret  analyzer.  It  is 
believed  the  explanation  is  that  the  spectrum  of  the  staircase  was  a high  PM 
deviation,  low  frequency,  signal  which  overloads  both  the  Adret  and  Hewlett- 
Packard  (HP)  (HP  spectrum  is  shown  in  Figure  70\  and,  hence,  masks  the 
spurious  at  fQ  + 8.  5 kHz. 

In  general,  the  PLL  provides  40  to  50  dB  additional  rejection  of 
the  undesired  signals  present  in  the  staircase  waveform.  Deviation  from  this 
attenuation  does  occur  and  can  be  seen  in  several  of  the  spectral  responses. 

On  the  basis  of  data  taken,  the  design  goal  spectral  purity  versus  the  worst 
case  measured  spectral  purity  is  depicted  in  Figures  85  and  86.  In  most  cases, 
the  worst  case  limitations  are  caused  by  only  several  spurious  signals  rising 
to  the  indicated  level.  The  limits  expressed  by  these  curves  reflect  mainly 
the  worst  case  for  the  nonsynchronous  frequencies. 

During  the  work  on  the  PLL,  several  different  DACs  were  tested. 
Ail  DACs  with  settling  times  greater  than  100  na  were  found  to  be  unsatisfactory. 
Only  one  other  DAC,  the  DATEL  model  HI12B  was  comparable  (approximately 
50  to  60  ns  settling  time)  to  the  DAC  used  (Computer  Labs  MDP-1020);  however, 
the  DATEL  introduced  higher  spurious  signal  levels  in  the  range  ±5  kHz  and 
greater  from  the  center  frequency. 
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e 59.  Sawtooth  and  output  spectrum  for  fQ  = 187,  500  Hz 


gure  60.  Sawtooth  and  output  spectrum  for  fQ  = 190,  000  Hz 


gure  62.  Sawtooth  and  output  spectrum 


Sawtooth  and  output  spectrum  for  fG  = 199,  000  Hz 


Figure  64.  Sawtooth  and  output  spectrum  for  f0  = 199,  500  Hz. 


Figure  63.  Sawtooth  and  output  spectrum  for  fQ  = 199,  000  Hz. 


gure  66.  Sawtooth  and  output  spectrum  for  f_  = 199,  992  Hz 


Figure  67.  Sawtooth  and  output  spectrum  for 


igure  68.  Sawtooth  and  output  spectrum  for  fQ  = 200,  000  Hz 


STAIRCASE  200008  Hz 
1 KHz/DIV  30  Hz  BW 


STAIRCASE  200008  Hz 
100  Hz/DI V 10  Hz  BW 

Figure  69.  Staircase  spectrum  using  Hewlett-Packard  analyzer, 
f„  = 200,  008  Hz. 


If  


STAIRCASE  200008  Hz 
2 KHz/DIV  100  Hz  BW 


PLL  OUTPUT  SINEWAVE  200008  Hz 
2 KHz/DIV  100  Hz  BW 


Figure  70.  Staircase  and  PLL  output  spectrum  using 
Hewlett-Packard  analyzer,  f,,  = 200,008  Hz 


igure  72.  Sawtooth  and  output  spectrum  for  fQ  - 200, 100  Hz 


Sawtooth  and  output  spectrum  for  fQ  = 200, 108  Hz 


Sawtooth  ftixl  output  spectrum  for  fQ  - 200,  r>00  tiz. 


Sawtooth  and  output  spectrum  for  fQ  = 200,  508  Hz 


Figure  76.  Sawtooth  and  output  spectrum  for  t'  = 200,  992.  7 Hz. 


Figure  77.  Sawtooth  and  output  spectrum  for  Iq  = 201,  000  Hz 


Sawtooth  and  output  spectrum  for  f_  = 202,  000  Hz 


Sawtooth  and  output  spectrum  for  f_  = 205,  000  Hz 


Figure  81.  Sawtooth  and  output  spectrum  for  fQ  = 210,  000  Hz. 


PLL  OUTPUT  SINEWAVE 
2 KHz/DIV  300  Hz  BW 


Figure  82.  Staircase  and  PLL  output  spectrum, 
fQ  = 212,  500  Hz. 
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Figure  83.  Sawtooth  and  output  spectrum  for  fQ  = 212,  500  Hz 


f ■ 


0. 1 MHz/D  IV 
3 KHz  BW 


Figure  84.  PLL  output  spectrum,  fQ  = 200, 000  Hz. 


Spectral  measurements  versus  accumulator  size  demonstrated 
that  for  the  parameters  used  in  the  AS/PLL  of  this  report  and  a 1-MHz  synthe- 
sizer clock,  a 10-dB  degradation  in  noise  performance  resulted  with  a 16-bit 
accumulator  as  opposed  to  either  a 24-  or  32-bit  accumulator. 

During  work  on  the  sawtooth  staircase  synthesizer  version  of  the 
AS/PLL,  a side  Investigation  of  a triangular  staircase  synthesizer  was  done. 
Since  the  triangular  wave  contains  only  odd  harmonics,  one  would  expect  the 
spectrum  to  be  "cleaner.11  This  is  indeed  the  case  and  was  demonstrated  when 
the  sawtooth  generator  was  replaced  with  a triangular  generator  in  the  PLL. 
Phase  sampling  was  done  only  on  the  positive  slope  since  a phase  reversal  would 
be  necessary  to  sample  on  the  negative  slope.  Because  of  the  resulting  spectrum 
improvement,  the  PLL  was  eliminated  and  the  triangular  staircase  was  connected 
directly  to  the  output  amplifier-filter  of  the  AS/PLL  circuit.  This  combination 
produced  a spectrum  only  15  to  20  dB  worse  in  most  cases  than  the  staircase 
AS/PLL  using  a 1-MHz  synthesizer  clock. 

c.  Triangular  Waveform  Synthesizer  Test  Results 

Following  Government  approval,  one  of  the  deliverable  AS/PLL 
boards  was  modified  to  generate  a triangular  staircase  which,  in  turn,  was 
processed  only  by  the  output  amplifier- filter  of  the  AS/PLL  circuit.  The  sche- 
matic of  this  module,  Figure  87,  shows  the  elimination  of  the  PLL. 
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RELATIVE  TO  fQ  (dB)  RELATIVE  TO  f„  (dB) 


Figure  85.  AS/PLL  discrete  spurii  worst-case  spectral  limits. 


DEVIATION  FROM  fQ  IN  Hz 


Figure  86.  AS/PLL  phase  noise  worst-case  spectral  limits. 


115/116 


MOTES 

l 


FOP 

A 


«. 

T. 

a 


CONNECT  MI-7  TO  PI-21  EXTERNALLY  ON  MATING  CONNECTOR. 

FOR  SINUSOIDAL  Cryn 

a connect  sinusoidal  C*vn  to  pi-ig  through 

EXTERNAL  MATING  CONNECTOR. 

B ADO  JUMPER  s FHCM  C TO  A AT  OUTPUT  OF  UI3. 

LEAVE  OTHFR  JUMPER  S POSITIONS  OPEN 
C.  ADD  JUMPER  6 FROM  8 TO  A AT  OUTPUT  OF  U'68 
0 NO  EXTERNAL  CONNECTIONS  OThir  THAN  JUMPER 
IN  NOTE  I SHOULO  BE  MADE  TO  Pl-7  OR  Pi  - 21. 

PULSE  TYPE  C »,n 

CONNECT  PULSE  C»yn  10PI-7  OR  PI-21  THROUGH 

EXTENNAL  MATING  CONNECTOR 
■ ADD  JUMPER  5 FROM  0 TO  A AT  OUTPUT  OF  UI5. 

LEAVE  OTHER  JUMPER  3 POSITIONS  OPEN 
C.  REMOVE  ANT  JUMPER  6 FROM  B TO  A AT  OUTPUT  OF  UI6B 
0 NO  EXTERNAL  CONNECTIONS  SHOULD  BE  MADE 
TO  PI-  §6  EXCEPT  GROUND 

JUMPERS  I THROUGH  4 AT  INPUT  TO  Ull  CONNECTED 
FOR  200  K M2  NOM  NAL  OUTPUT  FREQUENCY  AND  I MH2 
Ctyn,  CONSULT  FINAL  REPORT  FOR  DIFFERENT  FREQUENCIES 
ALL  c'l  N PF  UNLESS  NOTED,  CHECK  PARTS  UST 
FOR  C TYPE. 

ALL  L‘«  IN  vi HY  UNLESS  NOTED 

CHECK  PARTS  LIST  FOR  RESISTOR  WATTAGE  AND  TYPE. 

CONNECT  THE  FOLLOWING  VOLTAGE  PINS  TOGETHER 
ON  FXTFrNAL  MATING  CONNECTOR, 

PI- 2 TO  PI - II,  PI-1  TO  PI-26,  PI-12  TO  PI  - 23  AND 
PI  -3  , Fl  6,  PI- 17,  PI  - 20,  PI -38,  PI  - 4 I . Pi  - 52  AND 
PI-5S  * .•  PCACR  SUPPLY  GROUNDS 

r om:  n:  round  connec  n tor  signal 


CJ1*UT  I 
« J AfiM  NO* 
(iMfWAVC 

tCKOSI  »0/V 


Output  t 
T*  + - - 
. ft  •p 

MiN  kOAO' 
IOC  r * 


ESI  AVAIIABU  COPY 


1 iKure  . . Ti  i. ingle  > avefo  m 
arithmetic  synthesizer  schem  tie. 


117  IJH 


3 


Figure  88  shows  the  circuit  waveforms  for  a 1 MHz  and  6.4  MHz 
clock  for  a 187.  5 kHz  triangular  waveform  AS  and  corresponding  output  sine 
wave.  Since  a delayed  sample  pulse  is  not  needed,  the  input  clock  freaquency 
is  limited  primarily  by  the  DAC,  the  TTL  clock  circuitry  and  the  CMOS/TTL 
level  translation  circuitry. 

Spectral  responses  of  this  module  using  a 1-MHz  clock  are  given 
in  Figures  89  through  100.  Comparison  of  these  figures  with  the  corresponding 
frequency  for  the  AS/PLL  of  Figures  59  through  84  shows  that,  in  general,  the 
phase  noise  is  20  to  30  dB  lower  for  the  triangular  waveform  while  the  discrete 
close-in  spurii  are  10  to  30  dB  higher.  (Spuriii  at  60  Hz,  120  Hz  and  180  Hz 
are  test  equipment  ground  loop  signals. ) 

The  unsymmetrical  spectrum  of  the  triangular  wave  synthesizer 
sinewave  output  (spectrum  photos)  contrasts  with  the  symmetrical  spectrum  of 
the  staircase  synthesizer  sine  wave.  This  att-sts  to  the  high  linearity  of  the 
DAC  and  output  amplifier  circuitry,  thus  indicating  that  most  of  the  spurii  are 
generated  within  the  portion  of  the  PLL  circuitry  dedicated  to  phase  control. 

As  stated  previously,  nonlinearities  here  would  enhance  or  generate  spurii  and 
also  produce  symmetrical  sidebands  from  an  unsymmetrical  sideband  spectrum. 
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TRIANGLE  AS  - 1 MHz  CLOCK 
FREQ.  = 187.5  KHz 
UPPER:  DAC  OUTPUT 
LOWER:  FILTER/ AMPL.  OUTPUT 


TRIANGLE  AS-  6.4  MHz  CLOCK 
FREQ.  = 187.  5 KHz 
UPPER:  DAC  OUTPUT 
LOWER:  FILTER/AMPL.  OUTPUT 


Figure  88.  Circuit  waveforms  using  a 1-MHz  and  6. 4- MHz 
clock  for  a 187.  5-kHz  triangular  waveform  AS 
and  corresponding  output  sine  wave. 


ure  89a.  Triangle  waveform  synthesizer  output  spectrum 
(fQ  = 187,500  Hz,  fc  = 1 MHz)  (100  Hz/1000  Hz/div). 


IOK  Hz/DIV 
300  Hz  BW 

Figure  89b.  Triangle  waveform  synthesizer  output  spectrum 

(f  = 187,  500  Hz,  f„  = 1 MHz)  (10  kHz/div)., 
o 
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Figure  90a.  Triangle  waveform  synthesizer  output  spectrum 

(fQ  - 190,000  Hz,  fc  = 1 MHz)  (100  Hz/1000  Hz/div). 
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Figure  90b.  Triangle  waveform  synthesizer  output  spectrum 
(fQ  = 190,  000  Hz,  fc  = 1 MHz)  (10  kHz/div). 
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re  91.  Triangle  waveform  synthesizer  output  spectrum 
(fo  = 195,000  Hz,  fc  = 1 MHz)  (100  Hz/1000  IJz/div). 


Triangle  waveform  synthesizer  output  spectrum 
1,000  Hz,  fc  = 1 MHz)  (100  Hz/1000  Hz/div), 


IOK  Hz/DIV 
300  Hz  BW 

Figure  93b.  Triangle  waveform  synthesizer  output  spectrum 
(fQ  = 200,  008  Hz,  fc  = 1 MHz)  (10  kHz/div). 


Triangle  waveform  synthesizer  output  spectrum 
,100  Hz,  fc  = 1 MHz)  (100  Hz/1000  Hz/div). 


Figure  94b.  Triangle  waveform  synthesizer  output  spectrum 
(fQ  = 200, 100  Hz,  fc  = 1 MHz)  (10  kHz/div). 


Figure  95.  Triangle  waveform  synthesizer  output  spectrum 
(fQ  = 200,108  Hz,  fc  = 1 MHz)  (100  Hz/1000  Hz/div). 


Triangle  waveform  synthesizer  output  spectrum 
),500  Hz,  fc  = 1 MHz)  (100  Hz/1000  Hz/div). 


Triangle  waveform  synthesizer  output  spectrum 
,508  Hz,  fc  = 1 MHz)  (100  Hz/1000  Hz/div). 


10  K Hz/Div 
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Figure  97b.  Triangle  waveform  synthesizer  output  spectrum 
(fQ  = 200,  508  Hz,  fc  = 1 MHz)  (10  kHz/div). 


I'igure  99.  Triangle  waveform  synthesizer  output  spectrum 
(fD  = 210,000  Hz,  fg  = 1 MHz)  (100  Hz/1000  Hz/div). 


gure  100a.  1 
<fo  = 212,5' 
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300  Hz  BW 


Figure  100b.  Triangle  waveform  synthesizer  output  spectrum 
(fQ  = 212,  500  Hz,  fc  = 1 MHz)  (10  kHz/div). 
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Good  spectral  purity  is  a function  of  the  ratio  between  synthesizer 
clock  frequency  and  output  frequency.  A high  ratio  is  desirable  to  minimize  the 
mf0  ± mfc  product.  Also,  the  output  frequency  should  be  an  integer  multiple  of 
the  ratio  of  the  synthesizer  clock  to  the  accumulator  size  for  good  spectral  purity. 

On  the  basis  of  the  above  requirements,  forcing  the  output  band 
center  frequency  to  meet  the  second  condition  above  will  result  in  a clean  center 
frequency  with  spurious  degradation  toward  the  lower  and  upper  band  limit  fre- 
quencies. This  condition  should  result  in  the  optimum  combination  of  synthesizer 
clock  frequency,  output  frequency  and  accumulator  size  for  minimum  spurii. 

Such  a choice  is  not  limited  to  the  triangular  case  but  also  applies  to  the  sawtooth 
as  well. 


To  select  the  optimum  clock,  consider  the  basic  AS  frequency 

formula: 


Nc 

I aking  the  natural  logarithm  of  both  sides  and  rearranging  gives: 


where 


m 


c + 


In  fQ  In 

inT " Enr 


Nf  s 2m 
Nc  = 2C 

fx  = fx  in  MHz  (any  frequency  normalized  by  dividing  by  106) 


If  the  second  term  on  the  right  is  evaluated  and  summed  with  c, 
the  following  is  obtained: 


m = I.D  - 


In  fc 
In  2 
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where  I is  the  integer  part  and  . D is  the  decimal  part  of  the  combination.  Now, 
to  obtain  a synchronous  frequency  fQ: 


set 

or 


lnfc 
In  2 


= .D 


In  fc  = (.  D)  In  2 

T (.  D)  In  2 
*c 

fc  = fc  X 106 


The  fc  obtained  is  the  "reference"  fc  (=  fcr)  and  for  Nf  = 2m  = 21 
(m  = I),  the  output  will  be  f0.  If  fcr  is  multiplied  by  2n  (n  is  a ± integer),  then 
m is  decreased  by  n for  n positive  and  increased  by  n for  n negative  to  obtain 
the  same  output  frequency. 

For  Nc  = 224,  fQ  = 200  kHz, 


m = 24  + (-2.32193)  - 

In  2 


= 21.67807 


In  fc 
TnY 


t (0. 67807)  In  2 


fc  =1.6 

fcr  = 1.6  MHz;  m = 21. 
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For  maximum  spectral  purity,  fc  = 2n  fcr  should  be  as  high  as  pos- 
sible; however,  if  the  output  bandwidth  is  sufficiently  wide,  more  products  of  the 
form  (m  fQ  ± fc)  will  appear  in  the  output  spectrum.  For  example,  for  fc  = 1 or 
1.  6 MHz,  then  only  the  product  8 fQ  ± fc  is  troublesome.  If  fc  is  6.  4 MHz,  the 
products  30  fQ  ± fc,  31  fQ  ± fc,  32  fQ  ± fc,  33  fo  ± fc  and  34  f0  ± fc  can  appear  in 
the  output  spectrum.  However,  the  amplitudes  of  these  spurii  will  be  lower  by 
at  least  10  dB.  Thus,  the  choice  of  fc  becomes  a compromise  between  number  of 
spurii  vs.  amplitude  and  phase  noise  (higher  fc  should  have  lower  phase  noise. 
These  conditions  can  be  seen  in  Figure  101  (1.  6 MHz  clock,  120  dB  nominal  phase 
noise  and  30  to  70  dB  spurii).  Figure  102  (2  x 1.  6 = 3.2  MHz  clock,  126  dB  nomi- 
nal phase  noise  and  44  to  70  dB  spurii),  and  Figure  103  (4  x 1.  6 = 6.  4-MHz  clock, 
130-dB  phase  noise  and  54-to-70  dB  spurii). 

Figures  103  through  108  are  for  a 6. 4-MHz  clock.  These  figures 
show  the  additional  in-band  spurii  obtained  when  the  quantity  m of  the  product 
m fQ  ± fc  increases.  In  the  case  of  a 1-MHz  clock,  high  level  spurii  close  to  fQ 
exist  only  near  200  kHz.  However,  for  a 6. 4-MHz  clock,  high  level  spurii  exist 
close  to  fG  at  200  kHz  and  193.  4 kHz  (shown  in  Figure  106)  and  206. 4 kHz  (shown  in 
Figure  107).  These  spurii  are  for  m = 32,  33  and  31,  respectively.  Other  spurii 
exist  (although  no  spectrum  responses  are  shown)  for  m = 30  and  34;  however, 
these  will  be  attenuated  somewhat  by  the  output  filter. 

Tests  of  the  module  for  fc  vs.  for  an  output  frequency  of  200,008 
Hz  indicate  that  the  maximum  fc  is  approximately  12  MHz  at  Vdd  = 9 V.  See 
Figures  109  through  113. 

d.  Settling  Time  Measurements 

Lock-time  measurements  were  made  using  the  setup  of  Figure  114. 
For  this  test,  generator  fr  and  the  clock  frequency  (fc)  generator  are  locked  to  an 
external  1-MHz  reference.  Initially,  fD  and  fr  are  offset  to  calibrate  the  scope  dis- 
play for  a 360°  peak-to-peak  phase  deviation.  f0  is  then  set  equal  to  fr  to  assure  a 
constant  voltage  level  output  on  the  scope  from  the  phase  detector.  Frequency  fQ 
is  then  offset  by  Af  and  the  scope  adjusted  for  a single  sweep  triggered  by  the  data 
transfer  clock  from  the  AS.  Frequency  fQ  is  then  programmed  to  equal  fr,  and  the 
time  required  for  the  transient  phase  plot  on  the  scope  to  reach  a condition  where 
its  level  deviation  does  not  exceed  ±1  vertical  division  (45° ) of  the  final  steady-state 
value  is  taken  as  the  settling  time  to  within  45°  of  final  value,  as  called  for  in  the 
AS/PLL  specification. 


Figure  115  shows  settling  times  for  the  AS/PLL  (staircase  version) 


Triangle  waveform  synthesizer  output  spectrum 
,008  Hz,  fc  = 1.  6 MHz)  (100  Hz/1000  Hz/div). 
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Figure  101b.  Triangle  waveform  synthesizer  output  spectrum 
(fo  - 200,008  Hz,  fc  = 1.  6 MHz) 

Low  to  high  (187. 5 kHz  to  21 2.  5 kHz  (lock)):  75  ms 
High  to  low  (212. 5 kHz  to  187. 5 kHz  (lock)):  75  ms 
1 kHz:  25  MS. 

All  values  are  well  within  the  300  ms  specification  for  the  AS/PLL. 

The  filtered  triangular  waveform  synthesizer  settling  time  photo- 
graphs are  shown  in  Figure  116  for  the  earn  condition.  The  settling  times  are: 

Low  to  high  (187. 5 kHz  to  212. 5 kHz  (lock)):  140  ms 

High  to  low  (212.5  kHz  to  187.5  kHz  (lock)):  140  ms 

1 kHz:  25  ms. 

Again,  these  settling  times  are  well  within  specifications.  The  dif- 
ference in  settling  time  between  (he  triangular  and  staircase  AS  should  theoreti- 
cally be  less  for  the  triangular  AS;  however,  this  was  not  the  case.  The  dif- 
ference is  attributed  to  the  smooth  frequency  transition  of  the  PLL  from  one 

frequency  to  another  frequency,  thus  creating  less  transient  ringing  in  the  output 
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02.  Triangle  waveform  synthesizer  output  spectrum 
200,008  Hz,  fc  = 3.2  MHz)  (100  Hz/1000  Hz/div). 


' Semi  number  apmliafettt 


Figure  103a.  Triangle  waveform  synthesizer  output  spectrum 
(fQ  = 200,008  Hz,  fc  = 6.4  MHz)  (100  Hz/1000  Hz/div). 
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Figure  103b.  Triangle  waveform  synthesizer  output  spectrum 
(fQ  = 200, 008  Hz,  fc  = 6.  4 MHz)  (10  kHz/div). 

filter.  On  the  other  hand,  the  triangular  AS  has  a step  change  in  frequency 
which  should  cause  more  ringing  in  the  output  filter  and.  hence,  longer  settling 
times. 

e.  Electrical  Interface  Specifications 

The  electrical  interface  specifications  delineated  in  this  section 
reflect  the  performance  of  the  five  engineering  model  synthesizer  modules 
delivered  under  the  subject  contract.  Although  the  CMOS /SOS  LSI  array, 

TCS047,  that  forms  the  basic  synthesizer  element,  can  operate  over  the  tempera- 
ture range  -55°  C to  +125°  C,  the  remainder  of  the  module  circuitry  has  not  been 
tested  over  this  extended  temperature  range. 

The  spectrum  waveforms  presented  in  this  report  have  been  made 
with  the  synthesizer  module  operating  at  25°  C ±10°  C. 


> 
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Triangle  waveform  synthesizer  output  spectrum 
000  Hz,  fc  = 6.4  MHz)  (100  Hz/1000  Hz/div). 


ire  105a.  Triangle  waveform  synthesizer  output  spectrum 
(fG  = 187,500  Hz,  fc  6.4  MHz)  (100  Hz/1000  Hz/div). 
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Figure  105b.  Triangle  waveform  synthesizer  output  spectrum 
(fG  = 187, 500  Hz,  fc  = 6. 4 MHz). 

1)  AS/PLL  Specifications 

(a)  DC  Power 

+15  V:  Toler.  ±5%,  10  mV  rms  ripple,  max.  at  215  mA  nom. 

-15  V:  Toler.  ±5%,  10  mV  rms  ripple,  max.  at  215  mA  nom. 

+5  V (including  VDD  at  +5  V):  Toler.  ±5%,  10  mV  ripple, 
max.  at  290  mA  nom. 

VDD:  When  separate  VDD  from  +5  V used,  V^d  max.  = 12  V. 
(VDD  = 5 V,  I = 15  mA) 

(b)  Clock  Signals 

TTL  level  is  defined  as: 

0=  0 <V  <0.7  V 
1 = 2.4  ^V  <5  V 

See  Figure  55  for  nomenclature  of  following  signals: 
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Figure  106b.  Triangle  waveform  synthesizer  output  spectrum 
(fQ  = 193,938.8  Hz,  f<;  = 6.4  MHz)  (10  kHz/div). 

C8yn:  TTL  level;  inactive  state  is  0;  active  state  is  1 
for  75  ns  ±10%.  PRR  = 1 MHz  (other  PRR  may  be  used 
up  to  3. 5 MHz  max. ) 

Cdata:  TTL  level;  inactive  state  is  1;  active  state  is  0 
for  25  ns  ±10%.  PRR  = 20  MHz  max. 

ctrans:  TTL  level;  inactive  state  is  1;  active  state  is  0 
for  75  ns  ±10%.  PRR  = 20  MHz  max. 

C8yn  “ay  be  obtained  from  circuitry  internal  to  AS/PLL 
module  from  an  external  sine  wave.  Minimum  voltage  of 
this  external  signal  is  0.2  V rms;  maximum  voltage  is 
IV  rms.  See  Figure  55  for  details. 

(c)  Data  Signal 

TTL  levels,  MSB  first  in  serial  24-bit  stream.  Data  is 
clocked  into  AS  by  and  changes  the  AS/PLL  output 
frequency  upon  completion  of  a pulse. 
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Figure  107a.  Triangle  waveform  synthesizer  output  spectrum 
(fQ  = 206,450  Hz,  fc  = 6.4  MHz)(100  Hz/1000  Hz/div). 
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Figure  107b.  Triangle  waveform  synthesizer  output  spectrum 
(f  = 206,  450  Hz,  f = 6. 4 MHz)(10  kHz/div). 


(d)  Output  Signals 


Output  #1  at  J1  is  a sine  wave  at  3 dBm  minimum  across 
50-ohm,  100-pF  load.  Output  #2  at  J2  is  approximately 
1.6  V p-p  sawtooth  across  100  kilohms  minimum. 


(e)  Output  Frequency  Range 
For  Cgyjj  — - 1 MHz. 

For  input  data  word  = 31457281q;  fo  = 187500. 0007  Hz. 

For  input  data  word  = 35  6515910;  fQ  = 212500. 0365  Hz. 

For  a change  in  the  input  data  word  of  the  magnitude  of  67 
(or  multiples  of  67)  the  output  (fo)  changes  by  approxi- 
mately 4 Hz  (or  multiples  thereof). 
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Triangle  waveform  synthesizer  output  spectrum 
500  Hz,  fc  = 6.4  MHz)  (100  Hz/1000  Hz/div). 
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Figure  108b.  Triangle  waveform  synthesizer  output  spectrum 
(fo  = 212,500  Hz,  fc  = 6.4  MHz)  (10  kHz/div). 

(f)  Mechanical 

Mounted  dimension  from  bottom  of  mating  connector  to 
top  of  module:  8. 45  inches. 

Unmounted  dimensions:  8. 3 inches  x 4. 5 inches. 

Weight:  11-3/8  oz. 

2)  Triangular  Synthesizer 

WMre  not  noted,  specifications  are  the  same  as  those  for  the 

AS/PLL. 

(a)  DC  Power 

+15  V at  160  mA 

-15  V at  160  mA 

+5  V at  250  mA 

Vdd  *or  separate  5 V,  36  mA. 
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Figure  112.  Triangle  waveform  synthesizer  output  spectrum 
(fQ  = 200,008  Hz,  fc  = 10  MHz,  VDD  = 9 V). 


Figure  113.  Triangle  waveform  synthesizer  output  spectrum 
(fQ  = 200,008  Hz,  fc  = 12  MHz,  VDD  = 9 V). 
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Figure  114,  Setup  for  measuring  settling  time. 

(b)  Output 

Number  2 at  J2  approximately  0.  8 V p-p  triangular  waveform. 

(c)  Mechanical 

Same  as  AS/PLL  except  weight  = 9-1/8  oz. 
f.  Summary 

The  use  of  a PLL  to  filter  the  spectrum  of  a staircase  signal  has 
been  demonstrated.  Nominal  attenuation  of  spurii  by  the  PLL  is  40  to  50  dB 
which  should  produce  an  output  spectrum  with  spurii  down  at  least  70  dB  at  fre- 
quencies 100  Hz  or  greater  removed  from  the  operating  frequency. 


187.  5 KHz  TO  LOCK  AT  212. 5 KHz 


201.0  KHz  TO  LOCK  AT  200.0  KHz 


212.  5 KHz  TO  LOCK  AT  187.  5 KHz 
Figure  115.  Phase  settling  of  AS/PLL  output  sinusoid. 
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187.  5 KHz  TO  LOCK  AT  212.  5 KHz 


201.0  KHz  TO  LOCK  AT  200.0  KHz 
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Over  the  operating  bandwidth,  the  PLL  does  not  function  as  a 
narrowband  filter  as  is  the  usual  case,  but  as  a synchronous  sampler.  Because 
of  this,  any  deviation  from  linearity  of  the  sawtooth  caused  by  the  PLL  circuitry 
will  result  in  regeneration  of  spurii  amplitudes  (a  function  of  the  residue  value) 
on  the  sawtooth  as  the  phase  control  loop  of  the  PLL  forces  the  sawtooth  slope  to 
pass  through  points  defined  by  a linear  sawtooth.  This  change  in  slope  causes 
a variation  in  the  time  at  which  the  ramp  voltage  is  "dumped",  thus  resulting  in 
phase  modulation  of  the  sawtooth  and  the  output  sinusoid. 

The  above  spurii  regeneration  by  the  PLL  circuitry  was  verified  by 
the  increased  spurii  amplitude  which  occurred  when  the  sawtooth  was  deliberately 
distorted.  Although  not  discussed  in  this  report,  further  confirmation  of  this 
fact  was  noted  when  a triangular  waveform  was  used  instead  of  the  sawtooth  as 
the  controlled  signal  of  the  PLL. 

Since  the  triangular  wave  contains  no  even  multiples  of  the  funda- 
mental frequency,  every  other  spurious  was  eliminated  while  the  amplitudes  of 
those  remaining  where  less  than  the  amplitude  of  their  sawtooth  counterparts. 
Based  on  this,  work  was  done  (and  is  covered  in  this  report)  on  a triangular 
waveform  AS  without  the  PLL  but  followed  by  the  same  bandpass  filter  used  to 
filter  the  sawtooth.  The  results  demonstrated  the  advantage  of  a symmetrical 
waveform  since  the  spectrum  obtained  was  only  10  dB  to  20  dB  worst  than  the 
spectrum  of  the  sawtooth  PLL  within  250  Hz  of  the  desired  output  frequency  and 
in  most  cases  only  10  dB  at  frequencies  farther  removed. 

In  the  present  AS/PLL,  most  spurii  which  are  not  70  dB  below  the 
output  occur  for  output  frequencies  above  200  kHz  (or  midband).  The  spectral 
purity  could  be  improved  1)  if  the  upper  band  limit  were  200  kHz  and  the  lower 
limit  were  175  kHz  rather  than  the  specified  212.  5 kHz  and  187.5,  respectively; 
or  2)  if  the  clock  frequency  (fc)  were  increased  slightly,  yet  maintaining  an  out- 
put band  of  187.  5 kHz  to  212.  5 kHz. 

Except  for  frequencies  where  a product  of  the  output  frequency  and 
the  AS  clock  frequency  are  within  approximately  25  kHz  of  each  other , the  design 
goal  of  70  dB  spurious  was  obtained.  Random  phase  noise  is  at  least  100  dB/Hz 
and  is  limited  by  the  sawtooth  generator  and  PLL  noise  rather  than  by  the  AS. 
Settling  times  were  well  w'ithin  the  specification  limits  of  300  ms  and  were  shown 
to  be  approximately  75  ms. 

Future  work  on  the  AS/PLL  should  include: 

• Phase  locking  of  triangular  rather  than  staircase  signals. 

• Further  investigation  of  triangular  wave/bandpass  filter 
combination. 
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• Investigation  of  highly  linear  buffer  amplifiers, 

• Generation  of  the  linear  sawtooth  or  triangular  waveforms  by 
means  which  do  not  require  buffer  amplifiers  between  the  gen- 
eration circuitry  and  the  phase  control  and  output  circuitry. 


E.  PREDICTED  RELIABILITY  OF  SYNTHESIZER  MODULE 
1.  Introduction 


The  reliability  prediction  for  the  Arithmetic  Synthesizer/Phase-Locked 
Loop  is  based  on  a parts  count  analysis  (in  terms  of  failure  rate  and  MTBFs)  of 
the  design  configuration  of  the  delivered  modules. 

Part  failure  rates  were  derived  from  MIL-HDBK-21 7B , dated 
20  September  1974,  "Reliability  Prediction  of  Electronic  Equipment.  " 

The  prediction  is  given  for  a 50°  C part  ambient  for  a benign  ground 
environment,  assuming  a 50  percent  electrical  stress  level  for  parts.  A 100 
percent  duty  cycle  was  utilized  in  obtaining  the  failure  rate  and  MTBF  "Figures 
of  Merit. " 


The  prediction  technique  employed  the  simple  summation  of  the  failure 
rates  of  the  total  parts  complement. 

2.  Results  of  Analysis 

This  latest  part  count  reliability  prediction  resulted  in  a predicted  use 
MTBF  of  54, 116  hours.  A summary  of  the  data  is  as  follows: 

Part  population:  187 

Use  failure  rate:  18.479  F/10®  hours 

Use  MTBF:  54,116  hours 

This  data  was  derived  from  the  reliability  analysis  as  covered  by  sub- 
sequent tables.  The  underlying  ground  rules  are  presented  in  Table  12.  Part 
failure  rates  were  derived  from  MIL-HDBK-21 7B,  and  the  specific  factors  for 
each  part  type  are  shown  in  Table  13.  Table  13  also  presents  a failure  rate 
summary  by  part  types. 


TABLE  12.  GROUND  RULES  FOR  PART  FAILURE  RATES 


1.  MIL-HDBK-217B  is  the  source  of  numerics. 

2.  Electrical  stress  on  discrete  parts  is  assumed  to  be  50%. 
This  should  generally  be  conservative. 

3.  Local  part  ambient  is  20°  C above  a room  ambient 
temperature  of  30°  C;  a local  part  ambient  of  50°  C is 
assumed. 

4.  Printed  wiring  boards  and  connection  failure  rates  were 
considered  negligile  and  are  not  included  in  this  analysis. 

5.  Connector  failure  rates  were  based  on  the  static  failure 
rate  (X^)  alone.  The  cycling  factor  (Xcyc)  was  not 
considered.  Assumed  <40  cycles/1000  hours. 

6.  ICs  procured  to  vendor  equivalent  of  MIL-STD-883, 
Method  5004,  Class  B. 

7.  Inductive  Device  Insulation  Class  (max.  operating  temp. ) 
assumed:  MIL-C-15305-B  (130°  C). 
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TABLE  13.  DERIVATION  OF  PART  FAILURE  RATES 
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Part  Type  Use 

Part  Type 

Quantity 

Failure  Rate 

Total  Part  Type 

for  Benign 

Use  Failure  Rate 

Ground  Environment 

(F/106  hours) 

at  50°  C (F/106  hours) 

Transistors 

Si.  NPN  <1  W 

2 

0.0280 

0.056 

Si,  PNP  <1  W 

2 

0.0420 

0.  064 

FET 

6 

0.  0570 

0.342 

Diodes 

Si,  <1  W 

3 

0.018 

Zener 

5 

0. 0200 

0.100 

Integrated  Circuits 

Digital 

9 

0.1300 

1.170 

Linear 

5 

0. 2800 

1.400 

SOS  LSI 

3 

1.3600 

4.080 

Resistive 

Components 

Carbon  Comp. 

14 

< 0. 0001 

0. 001 

(RCR— 5) 

Film  (RNC-H-5) 

25 

<0.0001 

0.003 

Film  (RLR-5) 

40 

<0.0001 

0.004 

Variable  Cermet 

3 

2.7640 

8.292 

(Bourns  3082  P) 

Capacitors 

Mica  (DM) 

12 

0. 0080 

0.096 

Ceramic  (CKR— R) 

31 

0.0010 

0.031 

Tantalum,  Solid 

15 

0. 1300 

1.  950 

Inductive 

Components 

Tunable 

6 

0.0108 

0.065 

Ferrite  Beads 

2 

0.0500 

0.100 

Connectors 

Printed  Circuit 

1 

0.  056 

0.  056 

(8  active  pins) 

Coaxial 

2 

0.  0950 

0.190 

Miscellaneous 

Digital-Analog 

1 

0.4410 

0.441 

Converter 

TOTAL: 

187 

18.479 
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Appendix  A 


PLL  BANDPASS  FILTER  AND  LOWPASS  FILTER 

The  output  bandpass  filter  (BPF)  is  a five-section  open-circuit-to-terminated 
Tchebycheff  configuration.  Analysis  of  this  filter  was  done  on  a time- share  compu- 
ter program  (MATCH).  The  results  are  given  in  Tables  14  and  15. 

TABLE  14.  BPF  IN-BAND  ATTENUATION  AND  PHASE  DELAY 


The  output  lowpass  filter  (LPF)  was  added  to  suppress  the  harmonics  of  fQ 
generated  within  the  output  emitter-follower.  Characteristics  of  this  balanced 
impedance  Cauer  filter  (03  15  35)  are  given  in  Tables  16  and  17. 


TABLE  15.  BPF  ATTENUATION 


FREQUENCY 

L:S21 

(KILOHZ) 

( DECIBELS) 

lew. S3 

102.89 

1 10.33 

95.288 

120.00 

87.358 

130.00 

78.856 

143.02 

69.435 

1 50.30 

58.532 

, ISO. 30 

45.010 

1 70.32 

25.371 

183.33 

8.6709 

193.33 

7.1775 

233.30 

6.3737 

210.33 

3.1483 

"amm, 

220.33 

24.257 

w 

233.20 

43.376 

240.00 

53.563 

^ ~> 

253.03 

58.571 

i 

263.30 

65.080 

273.30 

73.569 

• J 

280.33 

75.313 

!'  rJ 

293.30 

79.439 

333.33 

83  .217 

310.23 

8S.584 

■ 

323.33 

89.653 

330.23 

92.472 

343.23 

95.378 

350.30 

97.502 

a 

363.30  . 

99.768 

373.33 

131  .89 

' o 

383.33 

103.90 

393.33 

. 135.79 

400.00 

107.59 

TABLE  16.  LPF  IN-BAND  ATTENUATION  (L)  AND  PHASE  DELAY  (D) 


TABLE  17.  LP  ATTENUATION 


FVEQU'NCY 

l:  S2 1 

(KILOHZ) 

( DiC  IDHILS) 

120. 33 

.15402 

110.00 

.1  7245 

120.33 

. 1 7743 

133.33 

.17327 

M3. 20 

. 17478 

153.33 

.15710 

1 53.30 

.15538 

173.33 

.14354 

182.23 

.13273 

193.23 

.12889 

233.33 

.14321 

213.30 

.17765 

223.33 

.25  783 

233.33 

.43145 

240.30 

.53392 

250.33 

.98315 

263*83 

1 . 4757 

273.33 

2.1313 

283.33 

2.9593 

293.02 

3.9550 

333.00 

5.1055 

313.33 

6.3924 

323.32 

7.7973 

330.33 

9.3375 

343.23 

13.917 

350.33 

12.531 

353.33 

14.462 

370.03 

16.440 

383.33 

18.612 

393.33 

21  .053 

430.00 

23 .943 

410.03 

27.551 

42  0.33 

32.588 

433.33 

42.939 

443.00 

42.232 

453.03 

34.337 

4SC.03 

33.255 

473.03 

27.925 

430.30 

25.298 

493.03 

25.385 

500.33 

24.145 

530.30 

22.233 

550. 3C 

21.229 

590.00 

20.590 

620.30 

20.231 

653.23 

19.973 

583.33 

19.854 

7i2.ro 

19.811 

743.33 

19.332 

773.02 

19.373 

823.30 

19.954 
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AS/PLL  BOARD  ALIGNMENT  PROCEDURE 


Initial  frequency  word  is  set  to  give  200-kHz  output.  (See  algorithm  in 
Appendix  C for  obtaining  decimal  to  binary  conversion  on  HP35  or  HP45  calcu- 
lator. ) Refer  to  Figure  55  and  perform  the  following  steps: 

1.  Remove  Q9  and  connect  sweep  generator  to  ground  and  to  R81,  R83 
junction  through  l^F  capacitor.  Terminate  sweep  generator  between 
sweep  generator  and  1 uT  capacitor  with  50  ohms.  Set  sweep  generator 
to  cover  200  kHz  center  frequency  *100  kHz  (deviation  can  be  adjusted 
to  give  suitable  display  during  filter  alignment).  Terminate  J1  output 
with  50-ohm  spectrum  analyzer  previously  adjusted  for  200  kHz  center 
frequency  (by  injection  of  200  kHz  fixed  frequency)  and  10  kHz  per  divi- 
sion (or  ±50  kHz  display  width). 

2.  Apply  power  and  adjust  analyzer  bandwidth  control  and  sweep  rate 
(typically  3 kHz  and  0. 1 s/div)  for  consistent  display  shape  with  video 
bandwidth  of  100  Hz. 

3.  Tune  LI,  L2,  L3,  L4,  L5  to  obtain  passband  of  at  least  ±15  kHz  cen- 
tered on  200  kHz.  Proper  setting  of  the  inductors  is  obtained  when  the 
passband  edge  drops  down  on  the  low  frequency  side  for  a decrease  in 
any  inductor  and  drops  down  on  the  high  side  for  an  increase  in  any 
inductor.  (This  effect  appears  as  a "seesaw"  motion  of  the  flat  top  of 
the  passband  curve  as  the  inductors  are  "rocked"  around  the  proper 
adjustment  point. ) Very  slight  final  adjustment  should  be  made  to 
minimize  passband  ripple. 

4.  Turn  off  power;  remove  sweep  generator  and  replace  Q9. 

5.  Turn  on  power  and  check  at  Ull-8  for  sampling  pulse. 

a.  If  not  present,  proceed  backwards  through  the  clock  pulse  cir- 
cuitry to  locate  trouble. 

b.  If  present,  check  for  inverted  signal  at  Q2-3  approximately  cen- 
tered around  0 V. 
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6.  With  sampling  pulse  present,  check  U7-14  for  staircase  waveform, 

a.  If  not  present,  check  for  inputs  U7-1  through  U7-10.  All  should 
be  present  and  must  switch  between  <0.  7 to  >2. 4 V."  If  inputs 
not  present,  check  "carry  out"  of  U2  to  U4  (pin  20)  for  presence 
of  a signal  and,  if  necessary,  proceed  backwards  to  U16B  input 
and  output  (both  sides  of  jumper  6)  for  clock  pulse. 

7.  If  staircase  is  present,  check  J2  for  presence  of  sawtooth. 

a.  If  not  present,  note  whether  level  is  at  ground  or  some  negative  volt- 
age. Turn  R45  CCW  if  level  at  ground  to  see  if  sawtooth  appears 
(CW  if  level  is  below  ground). 

b.  If  sawtooth  does  not  appear,  check  U14-7.  This  level  should  be  at 
ground  if  J2  level  is  more  negative  than  U13-6  (set  by  R45  and  should 
be  approximately  -1.  6 V),  and  >2. 4 V if  more  positive  than  U13-6. 

Replace  U1 4 if  above  conditions  do  not  exist.  If  R45  cannot  set 

U13-6  to  -1.  6 V,  replace  U13  first.  If  problem  still  persists 
check  Q4  and  Q5.  If  still  no  sawtooth  signal  at  J2,  ground  Q2-1 
and  vary  R68  to  set  Q8-2  to  approximately  -9  V.  If  -9  V cannot 
be  obtained,  check  circuitry  from  Q2  to  Q8;  if  -9  V can  be  obtained, 
check  to  see  if  sawtooth  can  be  obtained  by  adjusting  R45.  (Position 
of  R78  is  not  critical;  however,  it  should  not  be  at  an  extreme 
resistance  setting. ) If  sawtooth  still  not  obtained,  more  detailed 
circuitry  testing  is  necessary  which  is  out-of-scope  of  this  pro- 
cedure. If  sawtooth  obtained,  remove  ground  from  U2-1  and 
proceed. 

c.  If  sawtooth  obtained,  adjust  R45  to  obtain  "locked"  sawtooth  of  5-»s 
period.  "Locked"  condition  can  be  detected  by  sudden  shift  in 
period  of  sawtooth  when  "lock"  is  obtained. 

8.  Vary  R68  to  "unlocked"  sawtooth  condition  in  both  CW  and  CCW  direction 
Set  R68  to  approximately  midrange  of  the  CW  and  CCW  position  of  un- 
lock. 

9.  Using  spectrum  analyzer,  adjust  R45  for  minimum  spurii  on  display 
(or  for  no  tilt  to  line  drawn  through  tips  of  sawtooth  peaks  at  Q2-2). 

10.  Program  frequency  for  187.  5 kHz  and  212. 5 kHz.  Alternately,  shift 
these  frequencies  into  module  and  check  that  "lock"  is  maintained. 

Adjust  R68  as  necessary  to  maintain  lock. 

11.  Set  frequency  to  212. 5 kHz  and  adjust  R45,  R68  and  R78  for  minimum 
spurii  level  or  low  side  of  212. 5 kHz  (approximately  20  kHz  and  40  kHz 
removed).  Recheck  lock  range  of  10.  above.  Repeat  step  4. 

12.  Check  output  sine-wave  level  for  0.3  V rms  over  output  band  (187.  5 
kHz  to  212. 5 kHz).  Level  may  vary  4 dB  over  band. 
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Appendix  C 

DETERMINATION  OF  AS/PLL  INPUT  WORD  SIZE  USING  HP-35  or  HP-45 


To  determine  the  input  word  sequence  required  to  produce  a desired  output  fre- 
quency for  the  AS/PLL,  the  technique  detailed  in  Table  18  may  be  used  on  an  HP-35 
or  HP-45  calculator. 

TABLE  18.  DETERMINATION  OF  INPUT  WORD  SEQUENCE 


Line 

Data 

Key  Operations 

Display 

Remarks 

Clock  F requency  j Enter 

Accumulator  Size  I Enter 


Desired  Output 
Frequency 


a)  If  9a;  2 

b)  If  9b; 

2 


OH 

| EEX  | 

[T] [eex] 

□ 

| STO  I 

CD  ' 


| RCL 


Clock  Frequency  Enters  clock  frequency. 

Accumulator  Size  Enter  number  of  accumulator 
stages 

Size  of  LSB 
Change 

Decimal  value  of 
input  step  size 
(NF) 

Start  round  off  to  integer. 

NF  rounded  to  integer. 


a)  If  decimal  part  of  NF  = 0, 

2 

LSB  = 0. 

b)  If  decimal  part  of  NF  0.  5, 

2 

LSB  = 1. 


NF/2  = rounded  to  integer. 


If  NF/4  decimal  part  = 0,  enter  0 in  next  higher  LSB. 
If  NF/4  decimal  part  0,  5 enter  1 in  next  higher  LSB. 


Note:  Repeat  operations  of  10  and  11  until  division  by  2 = 0. 


* 

a 


The  following  calculations  illustrate  the  use  of  this  technique: 
Given: 

Clock  frequency  = 1 x 106  MHz 
Accumulator  size  = 24  stages 
Desired  output  frequency  = 187,  500  Hz 
Line  Display  after  required  key  operations 

1 1EXP06 

2 24 

3 0. 0596046449 

4 3145727.989 

5 1 EXP00 

6 1 EXP00 

7 3145728 

8 0. 5 


9a 

1572864 

LSB  = 0 

10a 

786432 

next  LSB 

10a 

Repeat  until: 

10a 

3 

219  = 0 

10a 

1.5 

II 

o 

CM 

CM 

1.0 

10a 

0.5 

to 

to 

II 

l— * 

0 

10a 

0 

STOP 

A Step  size 

= 001100000000000000000000 

To  check  for  actual  output  frequency: 

Step  size  = 3145728  (base  10) 
f _ (clock  frequency)  (step  size) 


where  X = number  of  accumulator  stages . 


Therefore  fQ  = (1  x 106)  (3145728)  = ih7,  500  Hz. 

„24 


mrnm 
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